CHAPTER 1 

Getting the Big Picture 


LEARNING objectives 

When you have completed this chapter you will be able to 

> Characterize analysis problems and the process used to solve them 

> Characterize design problems and the process used to solve them 

> Explain how the form and function of a product are interconnected 

> Characterize the five phases of design 

> Describe how ideas become realized as products 

> Explain the economic life cycle of a product 

> Explain various engineering roles in manufacturing enterprises 

> Explain how and why employees are organized into functional departments 

> Understand the benefits of concurrent engineering 

> Realize that teamwork is essential in the workplace 

1.1 INTRODUCTION 

Engineering design is exciting, challenging, satisfying, and rewarding. Engineer¬ 
ing design is exciting because we compete in world markets by engineering 
products such as motorcycles, airplanes, spacecraft, artificial hearts, automated 
assembly equipment, machine tools, and«home appliances. It is challenging 
because we have to find solutions that are better, faster, less expensive, lighter, 
and safer. It is personally satisfying in that we can use our creativity to 
synthesize new ideas, then use our knowledge and skills in mathematics, 
sciences, and manufacturing to predict how well our new designs will behave 
before they are built. Engineering design is rewarding because we can see how 
our hard work leads to realization of new products that satisfy the needs of our 
fellow human beings. 

Engineering design is a part of a bigger picture, the product realization 
process (PRP), which includes other activities such as sales, marketing, 
industrial design, manufacturing, production planning, distribution, service, 
and ultimate disposal. These activities require us to work with many different 
People both within and without our company. Often, we are a member of a 
product development team. And, as that team develops new and revised 
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i/v'icions that commit the company to invest i 
producis wc make many ing , tcs.ing. and manufacturing ra a 'e* 

sums of money for design, p ^ financja | nnc | human resource invesim, * 
The stakes can be big <*e, h( _ |argc hccausc we may nol have «ni, 

may be substantial. Th« (|cw technologies. And the competition mj' 1 
Lmt.&r.Sng us .0 develop better products in less time w ilh £* 

resources. book is to help us become effective participant* • 

The main goalof this booK^e rccognjzc that our main contribu?b ' f ,n 

the product realization Pjn^^ring sketches that wc prepare or the comp U t ° 

our firm arc not the g . tests wc conduct. These activities me, ? r 

programs we run or e primary contributions are the decisions tiS 

produce informanomRather^o j ^ ^ 

successfu| U produets that satisfy our customers and produce profits to keep 0 ° 

COm Za y k*g decisions as a member of a team is different than making , hern 
bv oneself. As a group member, we need to gam a common understanding of 
the design problem, alternative solutions, and ways to resoh-e group conflicts. 
This book, in essence, will examine procedures and methods that can provide 
us with a framework for effective, logical group-decision-making. 

This chapter will first examine engineering analysis problems and diff er . 
entiate them from design problems. Next, we will examine how engineering 
analysis is part of the overall design process. Then we will examine how engi¬ 
neering design is part of the manufacturing enterprise s product realization 
process. Finally, we will discuss product development in the context of concur¬ 
rent engineering and team-based decision making. 


1.2 WHAT IS ENGINEERING DESIGN? 


Engineering design i.s^the set of decisipihmakjn g processes a nd activities used 
to determine the f orm of an object given t he functions des iredHBythiTcustom- 
efJWhether welire designing a component, product, system, or process, we 
gather and process significant amounts of information. For example, we have 
the task of deciding which customer needs are important, including necessary 
product functions and desirable product features. We try to determine 
desirable levels of performance and establish evaluation criteria with which we 
can compare the merits of alternative designs. We consider the technical, 
economic, safety, social, or regulatory constraints that may restrict our choices. 
We use our creative abilities to synthesize alternative designs incorporating 

varied shapes, configurations, sizes, materials of composition, or different 
manufacturing processes. 


. j e . Utl knowledge and methods from the basic sciences, mathematii 

alternatfvThpfn^ S .^? n ^ t0 P redict or simulate the performance of ea 
ing. We thereh / 6 1 vi Ul «.** ^ ere ^ avoiding the time and expense of tin^ 
“functions ” as shouT 1, ° W a * ternat * ve “forms” influence each alternative 

n in igure 1.1. And we communicate our decisions as a 
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Form ever follows function 


Form is intimately connected to function. As the famous architect Louis Sullivan 
once said, “Form ever follows function.” The form of an object, in other words, 
usually depends upon the function it will perform. Consider a screwdriver for 
example. Its tip has a shape that drives the screw into the hole. The handle is con¬ 
figured to conform to the human hand, permitting the application of torque and 
thrust. The injection molding process used to make the handle permits cost-effective 
manufacture. Finally, the steel shank material safely transmits the torque and thrust 
from the handle to the tip. 

The function of a product is what the product is expected to perform. Basic 
functions include: control, hold, move, protect, and store. We use verbs to character¬ 
ize functions. We use the term “behavior” to describe how the product actually 
performs. Form, on the other hand, is what the product looks like, what materials it 
is made of, and how it is made. We use nouns to characterize the form of a product. 
Form characteristics include: shape, size, configuration, material, and manufacturing 
processes used to make the product. 

The essence of design is to determine a form to satisfy the required function, 
as shown in Figure 1.1. 


Function 



Design 


Form 
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the character of design problems 
design process. We also discuss an 
the five phases of design. 


and discussing a simplified model 0 f 
example shaft design problem to illustrate 


1.2.1 Engineering Analysis 

Analysis problems have a number of characteristics in common. Consider th c 

following “analysis” problems^ 

■ Given an object of 'mass) m, with applied force; JL^nc determine j ts 
firceleTatmiU using Newton’s second law of motion 

■ GivenTthe cross-section geometry of an aluminum airplane wing, We de 
termine the lift it produces by conducting wind tunnel experiments. 

■ Given the diameter and height of a welded, cylindrical tank, we calculate 
its volume and surface area using simple geometry relations. 

■ Given a cast steel engine block drawing, we estimate its weight. 


In each of these examples we are given some information about an object and 
then asked to predict its “behavior.” Having studied the basic sciences and 
mathematics, we are familiar with how things work and can model behavior as 
a function of input data. For example, we can model an object’s acceleration 
(the predicted behavior) according to a = F/m (an analytical equation), which, 
of course, depends upon the mass (form) and force (input data). Moreover if 
we lack an equation, we might be able to conduct a number of engineering 
experiments to develop an empirical relation. Note too, that for analysis 
problems, the given information usually pertains to the form of an object such 
as shapes, configurations, sizes, material compositions, and or manufacturing 
processes. Therefore, when solving an analysis problem we predict the beha¬ 
vior or function of an object, based on its given form, using analytical equa¬ 
tions or experimental methods. 


<~Jr 


Predicted behavior is the solution to an analysis problem. 


To help us better understand the differences between the analysis process and 

e esign process let s examine the analysis problem-solving process in detail. 

,* ' 2 ® p . ro . cess can be further described as having three main stages: 
tormulating, solving, and checking. 

understand^h^^KT~r~^-r^-^!L ana ^ s ^ s P ro ^ em we are essentially tryingjo 

gatherinfremeHlnforma- 

lengths and angles 3 We wollld sh* diagram using an approximate scale for 
and angles) and illustrafP th ?° W pertlnent geometry (shapes, dimensions, 
moments. We would rern h phys j cs > such as mechanical forces and 

to “find.” Next we would F ° 1/^1 glven ” information and state what we are 
we would recall related problems that we had modeled in the 
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past, listing appropriate principles and formulas. We might even break up the 
problem into smaller subproblems. We would then transform or interpret our 
problem into the model we knew how to solve, noting any and all assumptions 
between our “real” problem and the “ideal” model. At this point in the 
problem-solving process, we have a pretty good understanding of the problem 
and a set of modeling equations. We prepare a rough plan how to solve the 
equations whether by calculator, computer, or even analog experiments. 

Solving During this stage we logically try to determine the unknown(s) by 
solving an equatigf Cors ystem of "equations, Ti s ing- s tand afg~niattTg matical 
rxigt Kods rAVe~sysIematically set up the equations observing appropriate units 
and conversions. We verify that the number of unknowns is less than, or equal 
to, the number of equations. We might start by solving an equation that has 
more known quantities than unknowns, substituting our results into succeed¬ 
ing equations. Assuming that the equations are solvable, we find our solution 
and label it along with appropriate units. 


Checking ( During checking we examine the validity, accuracy, a nd precision o f 
oursolution) We also interpret our "solution lo deteimine whefher it “makes 
sense? "DoeSTit violate laws of nature or mathematics? We evaluate the answer 
with regard to the number of significant digits of precision. We might also 
solve the problem using an alternative method such as a graphical technique 
or computer simulation. Typically, the independent solution methods give 
similar results, unless we did something wrong in our calculations or made a 
wrong assumption. In other words, there is usually just one answer to an 
analysis problem. We reread the initial problem to assure that we really 
answered the problem. 


1.2.2 Engineering Design 


Design problems, however, differ from analysis problems. Consider the 
following “design” problems. 

\ Determine a rope-and-pulley combination^including materials, sizes, and 
methods of construction given that the customer desires to manually lift a 
500-pound engine block three feet above a given truck frame. 

V ■ Select a satisfactory pump-and-motor combination given that the custom¬ 
er desires to pump fuel oil from a 5,000-gallon storage tank to a boiler. 
x ■ Determine the shape and size of a storage tank given that the customer 
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rope-and-pulley combination (pulley size and type, rope materials and size 
configuration of pulley block, whether the pulley is welded or cast, and so on) 
given the required function, that is to “lift” engine block. 

As in an analysis problem, we need to process input information. How¬ 
ever, note that in a design problem the “given” information is often fuzzy or 
ill-defined. For example, in the toaster design problem: how many slices of 
toast, how dark, what types of bread? In most design problems we usually do 
“problem finding” before we do “problem solving.” Design problems are also 
“open-ended.” Since there are many possible design alternatives that can 
provide the desired function, we see that design problems generally have more 
than one “solution.” 

Design problems involve consensus building and group decision making 
such as in determining customer needs and evaluation criteria. Unlike the rou¬ 
tine simultaneous solution of a system of equations in an analysis problem, 
there are few, if any, structured procedures to follow that will guarantee a 
“solution.” Design problems are therefore said to be ill-structured as well as 
open- ’ i 



Form is the solution to a design problem. 


How does solving a design problem differ from solving an analysis prob¬ 
lem? Let’s look at a simplified model of the process used to solve design prob¬ 
lems and compare it to the analysis process. We recognize that each business 
may use different decision-making methods or procedures that are tailored to 
its company or trade. The simplified model shown in Figure 1.2, however, 
incorporates four essential stages: formulate, generate, analyze, and evaluate. * 

For mulating As_w g_ formulate a desi gn .problem we try_to ^ unde rstand the. 

We gather information abouTthecustomer such 
as necessary product functions, acceptable levels of performance, and desira¬ 
ble performance targets. We also try to determine relevant constraints 
regarding economic, ergonomic, technical, legal, and/or safety considerations. 
Most important, we record our findings as detailed engineering design 
specifications to help guide our future decisions. We develop a design project 
plan to coordinate “what” tasks will be completed by “whom” on our team 
and “when.” In other words, formulating is the set of activities and decision¬ 
making processes used to understand a design problem and prepare a plan for 
its solution. 

Generating^ Q.unn g this stage we synthesize, or generate alter native designs 


thafjnjghtjahsf y the custom er. We might use creativelmethods such as brain¬ 
storming and Synectics to arrive at an initial concept design then develop it 
into a layout or configuration, each alternative “form” having different shapes, 


Scanned by CamScanner 












Chapter 1 Getting the Big Picture 


7 




Establish functional requirements 
Determine constraints 
Set performance targets 

^ Design specifications 




/-N 

Generate 

alternatives i 
^_> 


Create alternative forms 

(shape, configuration, size, materials, 

manufacturing processes) 


Redesign 

iteration 



All alternatives 


Predict performance/behavior 


Feasible alternatives 


( -\ 

Evaluate 
alternatives 
s- S 


Select “best” alternative 


I Manufacturing specifications of 
▼ best alternative design candidate 


FIGURE 1.2 The essential stages of the design include formulate, generate, analyze, and evaluate. 

. * Q i c nr made with different manufacturing processes. 

alternative design candidates for later analysis and evaluation. 

Analyzing is the process of Piling ‘^^^ceTand Computational skill 
candidate. Using knowledge from . . to predict the performance 

from mathematics, we prepare S 0 P r f ^' C (0 J s( the con . 

of each design alternative. The candidate de Wts thaj. ra y ^ 

strain,s are reiterated. That it i. new be found, the 

signed candidate is reanalyzed. If respecified to relax some 

,rob,cm may be loop in Figure 1.2. 

,f the constraints. Redes,gn is shown as the so, 

r „„mnarine the predicted performance of each 
Evaluating is the process o P »b es t” design alternative. The merit 
casible design candidate to determ . eva j ua tion criteria laid out in the 
f each design candidate is estima 
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. ^ypjcal evaluation criteria include 
engineering design specificalio e ' reliab ility, maintenance intervals ^t- 
mance measures such as spee . • mcthods , employing comp^N 

weight, and cost. Also, «£■»£* g me cases to automatically re P “'> 
numerical techniques, can e » Dec lcd performance and overall Q , la | Cra| ( 

new candidate designs to improve o*pe P design COr > 

Pcrh ^ S,h :„Tvl S ' 8 " ^ engineering design includes tnafe 
to engineering reiate tQ deve i 0 pmg the best product t 0 

customerneeds. Design is the reason why we do what we do. Analysis is «J 
one part of .he bigger picture. In part.cular, the reason why a manufa ctu * 
ta pays an engineer to do analysis is because ,t contributes to the quality^ 
the product and ultimately to the satisfaction of the customer, who really pays 

his salary. 

When solving engineering design problems we often have to deal with 
multiple evaluation criteria , or multiple figures of merit. For example, our cus¬ 
tomer would like a stronger, heavy-duty transmission for his application. But a 
stronger transmission is heavier and more expensive. Which is more impor¬ 
tant, cost or strength? How should we decide? Like most design problems, this 
example involves making trade-offs , or compromises, wherein one perfor¬ 
mance attribute improves while the other degrades. 

Engineering design requires making logical decisions in addition to nu¬ 
merical analyses. Since a product development team will make many of the 
decisions as a team, various group decision-making methods will be used in 
addition to the equation solving we use for analysis. 


1.2.3 Design Phases 

a customer^nee^to^eTealizad^Tof the S 'r ,l ‘^h , ^i eS fr ° m idenlification of 

following situation: ^ Inis hed product. Let’s examine the 

The tool has a drivelshaft^haT™ 3 cu * tom * buiIt machine tool used in her factory, 
waiting about 90 seconds forth** ^ be sto PP ed b y turning off the power and 
a safety hazard and would like tV t0 s P ir, - dow n> The customer considers this 
to a quicker stop. The shaft is s Some device that would bring the shaft 

of 4330 steel, and spins at 3 000 ml ^ diameter ’ weighs 1,000 pounds, is made 
so ution to accomplish the ranid «t - C ^ ave ^ Cen hired to design and fabricate 
\ apidst °PP*ng of the shaft. 

* Initially^ wg exr) i 

specifications! CU ?' on,er need and develop a list of ah- 

power Add'r^ and operat ing conditi P C * We 0 ^ ta * n details of the exists# 

satisfy’the custom^’p We try to darify^he"!^ faCtory ’ incJ uding available 

the customer be f n’ For exa mp| e , how n. i % pC of Performance that wo J,kl 

seconds? We miflht ] Sat,sf,ed w ith 5 second ^ ^ ou,d shaft stop? 

we mi 6ht do some s i mp | e "1^ and unsatisfied if longer than 

Nations, using simple relation* 
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physics, to hotter undcrstnnri tim 

the system. Our activities in thiT" v ?’ cc . hanical r ° rc « and/or torques of 

(orn,Mo„. In other words we “ "T P " aSC 'T* lar <^ « P™blem 
understand it. ' C " rc nm ,r >™S to solve the problem, merely 

working principles or con l cepts Sl and P thch T Sy "' hcsi "-‘ " varic| y of candidate 
we might consider the following three altemadve cone “pis"’'"' 8 ' ^ CXamp ' e ' 

b. opposi ng "magnetk '/[el'ds^aT the^ T ?"** 35 ,hc 

era,or as thc emhodin 'cm'and k ' n8 Pr,nC ' Ple and an declric 6- 


"he embodimem 8 ' he WOrki " 8 Prtadple and a «- a " d -caliper brake 


as 


boncepf/for ftmher development eVa ' Ualion cri,eria - we select °" e of the 

select a disk-and-caliper brake dl™ P r durln S C °"«P‘ destgn we 
alternative chnft w at - P j durng configuration design we consider 
■Inn d - Z n ■ocations, and geometries for the disk and caliper. Configure- 
gn, therefore, is the design phase when alternative configurations are 
generated, analyzed, and evaluated. 

t , Dunn8 the P ara metric design phase, we determine values for the con¬ 
trollable parameters, called design variables, identified as unknown during the 
configuration phase. Design variables deal with the form of a design, that is, its 
shape, configuration, size, material, and manufacturing process. For example, 
we determine specific values for: rotor diameter (outer), rotor thickness, and 
brake pad width. We also select pad material type, operating pressure of the 
hydraulic piston, and rotor manufacturing processes. Then, we analyze the 
performance using conventional machine design formulas, computer pro¬ 
grams, or physical experiments. We check the analysis results to assure that all 
the constraints are satisfied and that an optimal performance is obtained. If 
not, we iterate , or redesign by generating new candidate designs with new 
values for the design variables. Then we reanalyze, evaluate, and so on. 

5. During the detail design phase, we determine the remaining product 
specifications such as the surface finish, pad bonding resin, and assembly 
procedures. We might also fabricate and test a number of critical parts. We 
also prepare a complete package of manufacturing specifications including 
detail and assembly drawings, bill of materials, manufacturing process recom¬ 
mendations, prototype performance test results, and product specifications 
such as height, width, depth, weight, expected performance. 

A number of terms are used in industry and academia to describe various 
groupings of design phases. For example, preliminary design is often referred 
to the collection of activities relating to concept design, configuration design, 
and parametric design. Also, embodiment design refers to design activities 
relating to configuration design and parametric design activities. 
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Dixon and Poli (1995) presented a model that splits embodim< 
configuration and parametric design phases. Dieter (2000) inciuuea p ro . ' w 
architecture as an additional phase before configuration design. ^ 

In this text, we will closely examine a five-phase model as propos h 
F igure 1.3. The five phases include: (1) formulation, (2) concept d e - 
(3) configuration design, (4) parametric design, and (5) detail design. The ^ 
difference between the proposed model and Dixon and Poli’s model j s °j^ 
formulation is defined as an explicit and crucial phase of design. ^ at 

Engineering design and product development, in general, rarely nr 
through all phases of design in a systematic, linear fashion as descritwr* 
Figure 1.3. For example, revisions to products may need only parametr^ ^ 
detail design work, while a new technological breakthrough may re 0 ^ 
configuration, parametric, and detail design efforts. In another case arS 
ate concept design may be found to be unmanufacturable during confini/ 
tion design thereby requiring concept re-design S ra ’ 

»“ »>* .r*. 

concept design, when the part dimensions ™ achmm ® loIerance s du ™8 
other case, alternative conL.r, n! n "?* even known - Or, in an- 

ed before the evaluation criteria are Tnr candldates wi| l not be evaluat* 
2. The .earns efficient esta »Itshed during formulation. 

formulation, for example I** ”*** <yPe °/ ‘"formation. In 

defined, as compared'to'parameTric 2T "! ,ypical| y abstracl 

tion is necessary. r c desi 8 n when more specific informa* 

pl e , a variety of creative methork^^u ^ ert ‘ nent to the phase. For exam* 
during'paramet'ri^deri^! 11 inVeSli ^ a ^ labe ^ aad( ^OAD*soft : warei!ackag e,ls 

, n FIT INTO THE PRODUCT 

' a anufacmd e n r needs inl ° produ « mf n tf!!., en ? ineerin 8 design activities Irans- 
our work •unJSte? g rf Prions. But, how are 

tnanufacturine snecifi over ” >hc mam.r produc,s? Are we finished with 
p ^cations ever really finished?”” 8 specifications7 
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Embodiment Design 


FIGURE 1.3 Five phases of design, emphasizing the crucial nature of design problem formulation. 


We recognize that most parts and components are mass-produced in to¬ 
day’s modern design and manufacturing environment. As a consequence, 
parts must be made to be interchangeable with each other. We accomplish 
interchangeability and mass production using intricate systems composed of 
people, procedures, and machinery. Even when only a few products are 
“manufactured,” as in the production of a nuclear-powered aircraft carrier, we 
use similar systems involving many people, systematic procedures, and 
expensive machinery. 


Successful design teams work on tasks appropriate to the design phase. 


In the next sections we will consider how engineering design is an impor¬ 
tant part of the product realization process and how a product contributes to 
the life of the business enterprise. 

1.3.1 Product Realization Process: The Big Picture 

The product realization process is the means by which a customer need is trans¬ 
formed into a realized product. Alternatively, Dixon and Poli define the product 
realization process as a complex set of interrelated activities, both cognitive and 
physical, involving the whole firm, by which new and modified products are con¬ 
ceived, produced, brought to market, serviced, and disposed of. The process in¬ 
volves physical activities and decision-making activities (cognitive), involving 
sales, marketing, industrial design, engineering design, production design, manu¬ 
facturing, distribution, service, and disposal, as shown in Figure 1.4. 
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A customer need for a new or improved product can originate f rom 
most anywhere in the firm. Often the service department is the first to been ^ 
aware of an existing product’s shortcomings. For example, we might disco^ 
inadequate product packaging during distribution shipments to retail owi^ 
But the majority of new or revised product ideas usually originate f roni ?*■ 
sales or marketing groups. e 


Realize 

Product 



need 


which a cus,omer need is “■ 

is ° n h0W ,he or revised produc, idea 

trends in the marketplace. Often th a ? atom,caI limitations and/or aesthetic 
artistic rendering or a physical desi 8 n g rou P will prepare an 

texture, and intended functionality ^ 1 ustrates ^ as i c product form, color, 
. f . E n & ln eering design activities result • . 

cifications that satisfy the custom * * m r ® comm ended manufacturing spe* 

and manufacturing constraints. ^ S funct ‘ ona l performance requirements 

Production design art' • • 

tion of production equipment suchT 0 -^ des ^ n » fabrication, and install- 
invn , | nStr k mentat ' on ’ and material ha !I? S ’ fixtures > machine tools, quality con- 
dest'or 6 ““•"**« ZeZl '! eq “ ipment - In cases, it might 
come off !? anual and automated asse Producli <>n design also considers the 
the production lines the “ a Y equipme "‘- Even as the first units 

7 a ‘ c e t ;i,i' Waste a " d rework° n deSi8 " gr ° Up may be ^ 

SignificanUoo^r nin8, schedu hng e an? bnCation * assem bly, and testing. They 
manufrc,uZ ' na “ 0n bet ^ee„ e n l b SUperv ™8 production employ** 

B is necessary during ramn nng 8es *® n ’ production planning. an 

8 ramp ' u P as bugs in the product design and 


Scanned by CamScanner 


Chapter 1 Getting the Big Picture 


13 


manufacturing processes are worked out. Others sometimes describe “Manu¬ 
facturing” as all the activities of a manufacturing enterprise, often referred to 
as the big “M.” Note that in this text manufacturing will be defined as fabrica¬ 
tion, assembly, and testing, usually referred to as the little V manufacturing. 

Distribution activities involve shipping the product in wholesale-sized 
lots to distribution centers located around the country or world. In some cases, 
railcar-full shipments arc packed. Most often, containerized freight trailers are 
used. Some companies ship directly to retailers or the customer, as in person¬ 
al-computer mail ordering. 

Service activities for consumer products usually relate to maintenance, 
repair or replacement at the factory. However, large appliance manufacturers 
will train repair persons for home service such as washing machine or dryer 
repair. For some industrial products such as commercial refrigeration systems, 
service persons actually do the equipment installation, as well as routine 
maintenance, at the customer’s site. 

Disposal activities involve the removal, elimination, and/or recycling of 
hazardous chemicals or scarce materials such as in nuclear power plant fuel 
rods, automotive oil, or printer cartridge recycling. 

Indirectly, the product realization process involves administrative activi¬ 
ties such as accounting, finance, personnel, strategic planning, legal, and man¬ 
agement. These behind-the-scenes activities help to coordinate the whole 
organization and their costs are often referred to as indirect expenses. 

We refer to product development as the collection of activities leading 
up to, but not including, production. Therefore, we can see that product 
development is more than engineering design. It also involves post design 
activities such as production planning and the coordination of activities 
relating to ramping-up of production. Even after the product is launched into 
the market, engineering design may be involved in making minor improve¬ 
ments for improved performance, safety, or cost reasons. 

We can aggregate some of the decisions made by the various depart¬ 
ments and explicitly incorporate how the customer will “use” the product. This 
results in a simplified model of the product realization process having four 
main stages that represent the whole life of a product: design, manufacture, 
use, and retire, as shown in Figure 1.5. As we look over the four stages let’s 
take special note of what engineering fields are involved. 

Early in the life of a product, sales engineers, applications engineers, 
field service engineers, and others identify customer needs. This information 
leads to new product ideas, which are subsequently developed into mature 
product designs by industrial designers, design engineers, materials engineers, 
and test engineers as they determine the form of the new product. 

Then, industrial, manufacturing, and quality engineers convert the design 
into a final product for manufacture. During this phase they plan, organize, 
and fabricate new tooling and fixtures. They also construct facilities and 
equipment to assemble and distribute the product. 

Upon delivery, the consumer receives and sets up the product. This typi¬ 
cally involves unpacking, cleaning, and in some cases assembling components. 
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^ Design 




I 



Establish function 
Determine form 


Fabricate 

Assemble 

Distribute 

Set up 
Operate 
Maintain 
Repair 


Take down 
Disassemble 
Recycle 
Dispose 


FIGURE 1.5 The four stages in the life of a product include design, manufacture, use and retire 


During and after operation, the product is maintained by cleaning, lubricating, 
and adjusting. If necessary, the product is repaired by replacing worn or 
broken parts. Field service engineers are sometimes responsible for mstalla 
tion, maintenance, and repair activities for large or complex industrial and 

commercial products. ... , . A 

Once the product is retired, it is removed from service, disconnected, and 

relocated. Large assemblies are taken down and disassembled into smaller, 
more manageable units. Materials are recycled when possible. Non-recyclable 


parts are disposed of. .... „ ,.. 

Thus, we can conclude that engineering design is just one part of the big 
picture, called the product realization process that involves many departments 
and employees during the life of a product. 


1,3.2 Economic Life Cycle of a Product 

A business will typically devote significant financial and manpower resources 
to the development of a new product, as shown in Figure 1.6. Unlike annual 
operating expenses, product development expenditures are usually considered 
long-term investments. Furthermore, the business will expect to receive 
returns on that investment over the economic life of the product. 

Initially, as the product is introduced to the market, its sales begin to 
grow slowly (Crawford and DiBenedetto, 2003). As more and more customers 
learn about the product, sales begin to increase during a growth phase. Then, 
at maturity , sales income levels off. Once the market is saturated , few new sales 
occur and sales income declines. 
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The time over which these phases occur can be years or months. The ba¬ 
sic hammer, for example, has been around more than a hundred years. In 
some eases, technological improvements make a product obsolete, as in the 
case of the beta-format video recorder. Products live and die because condi¬ 
tions change, customer preferences change, technologies change, regulations 
change, and material costs and availability change. 

As a product declines, the business will have a new product to take its 
place, as shown by the dashed line in Figure 1.6. The “birth” and ultimate 
“death” of a product is often called the product life cycle. Thus, as one product 
approaches maturity a new product emerges from product development. 
Successful companies usually have many new product ideas in various stages 
of development, such that their annual volumes continue to increase each 
year. 


1.4 THE MANUFACTURING ENTERPRISE 

As we learned from the product realization process and the economic life of a 
product, significant resources both human and financial are involved. A couple 
of questions naturally come to mind, such as, who is entrusted with the re¬ 
sources of the enterprise to make the right decisions? Or, how does a business 
enterprise coordinate the decisions made by so many employees? 



FIGURE 1.6 Economic life cycle of h product. As the current product declines, a new product is 
introduced and thereby keeps the company healthy. 
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In the next sections we will examine the various roles that engineers play 
in the product realization process, how a manufacturing enterprise is org a . 
nized into an effective structure, and how modern product development 
practice makes use of the concurrent engineering approach. 


1.4.1 Engineering Roles 



Manufacturing employment directly accounts for a large portion of the engi¬ 
neering jobs in the United States. The Bureau of Labor Statistics reported that 
engineers held about 1.5 million jobs in 2006. 


About 37 percent of engineering jobs were found in manufacturing industries 
and another 28 percent were in the professional, scientific, and technical services 
sector, primarily in architectural, engineering, and related services. Many engi¬ 
neers also worked in the construction, telecommunications, and wholesale trade 
industries. 

Federal, State, and local governments employed about 12 percent of engi¬ 
neers. About half of these were in the Federal Government, mainly in the U.S. 
Departments of Defense, Transportation, Agriculture, Interior, and Energy, and in 
the National Aeronautics and Space Administration. Most engineers in State and 
local government agencies worked in highway and public works departments 

(U.S. Department of Labor, 2006). 





at customer sites. 


’ and re P a >nng equipment, often 
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In the research and development department we often find industrial de¬ 
signers, design engineers, materials engineers, and test engineers. Industrial 
designers establish the essential product appearance as it relates to human 
factors and aesthetic concerns. Design engineers translate the function desired 
by the customer into part or product form including: shape, size, configuration, 
materials, and manufacturing processes. Materials engineers investigate and 
develops improved materials. Test engineers are responsible for designing and 
conducting performance and safety tests at various stages in the product 
development. 

In the manufacturing department we often employ industrial engineers, 
manufacturing engineers, and quality control engineers. Industrial engineers 
are usually responsible for designing fabrication, assembly, and warehousing 
systems. They try to optimize the system of workers, machines, and materials 
handling. Manufacturing engineers develop manufacturing tools and fixtures 
used to fabricate and assemble parts. Quality control engineers establish and 
maintain instrumentation and documentation systems to control the quality of 
raw materials and finished goods. 


Table 1.1 Engineering roles in the product realization process. 


Department / Function Job Title Responsibilities 


Sales and marketing 

r 

Sales engineer 


Applications engineer 


Filed service engineer 

Research and 

Industrial designer 

Development 

Design engineer 


Materials engineer 

Test engineer 

Manufacturing 

Industrial engineer 


Manufacturing engineer 
Quality control engineer 

Processing / operations 

Plant engineer 

Miscellaneous 

Project engineer 


Meets customers, determines needs, presents 
product offerings, negotiates terms of sale 
Assists sales & marketing solving technical 
issues with respect to the use of product 
Installs, maintains and repairs equipment at 
customers’ sites 

Establishes essential product appearance, 
human factors 

Decides part or product form including: 
shape, size, configuration, materials, and 
manufacturing processes 
Investigates and develops new materials 
Designs and conducts performance and 
safety tests 

Designs fabrication, assembly and 
warehousing systems 

Develops manufacturing tools and fixtures 
Establishes and maintains raw materials 
and finished goods quality controls 
Designs and maintains processing plant 
facilities 

Coordinates project work tasks, budgets 

stnH crhprfnles 
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• , we f m d plant engineers and project engine ers 
In processing companies we £ facilities. For example a 

Plant engineers design and ™' n “' P 5 , ic po i ym ers may have $500 million 
chemical plant producing th reactors, boilers, and piping. In addition to 
invested in pumps, tanks, cne engineers are responsible 

making improvements from time ^ days „ week . 

for keeping the plant opera it g tasks, budgets , and schedules 

Project engineers coordinate pro, activities, including new 

» T-SST^new prodt^devdopment, the design of a" £ 
factoiyTand replacement of automated assembly equipment. 

1.4.2 Organization 

Most manufacturing enterprises are formed as a corporation owned by stock¬ 
holders. Stockholders provide most of the funds that a business uses to 
purchase land, buildings, equipment, and other assets for its operations. 
Stockholders elect the board of directors to oversee the activities of the 
president and other officers of the company. The board of directors provides 
advice to the president and officers regarding broad policies and long-term 
strategies, while the president, as chief executive officer and as principal 
trustee for the stockholders, has the responsibility and authority to make day- 
to-day decisions committing financial and human resources. 

An example organization chart is shown in Figure 1.7. In this example, 
the president’s chain of command includes five subordinate managers respon¬ 
sible for specific functions of the business. These positions often carry the title 
of vice president or manager. 

nous ,o thdr sp “ 

facturing, and research and development Emnln 8 ’ manC ^’ P urchasm g> manu ‘ 
perform similar types of work. Consequent ^ ^ de P artment 
most effective in hiring trainino jl , ty ’ th de P artm ent manager can be 

employees. A company’s’organization T" 8 ’ ^ SUpervisin S his or her 
bility and authority facihtatfng th Structure establishes areas of responsi- 

ti°n of its operations (Badiro and PulntTlq^ 6111 ° f em P lo y ees and coordina- 

. Busi nesses also process raw material* 

iron ore to steel, steel ingots to sheet nw 1 ° F agncuItura l products such as 
rench fries, or cattle to beef product* Th petroIeum to plastics, potatoes to 

the°natur^of S 

, em. 

presented m Figures 1.7 and 1.8. * ny Vanatl °ns of the basic organization 
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FIGURE 1.7 Functional organization chart of a typical manufacturing company. 
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opment'acdvit a ° u ° f manufacturin 8 activities with research and devd 
finance. ' An ° ther exam P ,e would be the grouping of purchasing with 


1.5 CONCURRENT ENGINEERING 


With so many people in the typical enterprise, with so many responsibilities ac 
sociated with the product realization process... how is product development 
conducted? The best product development occurs when assigned to a team of 

employees representing the various functions or departments of the enter 
prise. lcr * 


Modern product development practice takes advantage of increased 
communication, coordination, and employee motivation by using the concur¬ 
rent engineering approach (Wesner et al., 1995). Concurrent engineering is a 
team approach to product design, in which team members, representing 
critical business functions, work together in the same office and are coordi¬ 
nated by one senior manager. The aim of concurrent engineering, also called 
simultaneous engineering, is to achieve superior product designs. 

Prior to concurrent engineering, customer requirements information was 
usually forwarded to the design group without follow-up. Product design 
specifications were prepared and then handed over to the manufacturing 
group for production. Little interaction occurred during product development, 
leading to many miscommunications and production delays. This approach is 
referred to as “over the wall” product development. 

An example of a concurrent engineering product development team is 
shown in Figure 1.9. A concurrent engineering team is composed of members 
representing the primary business functions. We call this cross-pollinating mix 
of team members a cross-functional team composition. 

Concurrent engineering teams are usually collocated (Carter and Stilwell- 
Baker, 1992). Placing team members next to each other in the same office area 


Product 

Manager 


Sales & 
Marketing 


Industrial 

Design 


Design 

Engineering 


Industrial 

Engineering 


Manufacturing 

Engineering 


Purchasing 


Production 
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increases the quantity and quality of communication. Members also tend to 
develop a sense of teamwork, loyalty, and camaraderie. 

Concurrent engineering teams arc also coordinated. A product develop¬ 
ment manager, at a high level in the organization structure, has sufficient 
authority and responsibility to make timely decisions and commit resources ef¬ 
fectively. 


1.6 TEAMWORK IN PRODUCT REALIZATION 

Manv people, including employees, consultants, customers, and vendors, con¬ 
tribute to the realization of a new or revised product. We appreciate that we 
not design, manufacture, and distribute mass-produced products by 
^ elves. We work with a “team” of employees who make up the company 
nri ADDreciate that teamwork is essential for successful product realization. 

3 Companies involved in product realization are similar to teams in pro es- 
cinnal Sports. Let’s examine the characteristics of professional teams, such as 
nrofe s onal football teams. Then, we can extend the analogy to suggest ways 
£ which we might improve the teamwork within our own company. It is worth 
iohnT ^1 companies often hire distinguished coaches to present m-plan. 
seminars on improving teamwork. 

Competitors, »^ih thf p“g"al o^wSgLmesTor thTplet 
agamst one another with p y ° . comDete against one another 

the goa, of earning profits for 

viduals or corporations that P r0 and inV estors expect to receive 

stmf r e et" hutments in the form of dividends or increases 

in equity. In bot h businesses and profes- 

Professional Players, Employees,“ pa j d professionals. Employees 

sional team sports, the P artlc 'P a " " , P es a „ d earn professional sala- 
and players are members ofthe g ranks of a professional team, 
ries and bonuses. As they J° m jovial, friendly game of “touch 

professional players leave behto the JO" project , or product 

football.” Similarly, as a totoer of^ and responsibilities to perform, 
development team, we have . . . obis challenging. 

The competition is exciting a J hes sdect , guide, and direct 

Coaches and Managers. P rofessl ° na d super vise employces m to P^ 
playing field. 
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Referees, Umpires, Lawyers, and Judges. Professional team sports have 
rules that are enforced by referees or umpires. Manufacturing enterpris¬ 
es are regulated by codes, standards, and other local, state, and federal 
laws that are enforced by lawyers and judges. 

Communication and Coordination. Coaches and players communicate dur¬ 
ing the game. Signals are spoken clearly and loudly so that every player 
knows the specific actions he or she is to take. As we have often seen on 
television, games can be lost by players who “miss the call. Communica¬ 
tion is similarly essential in business so that everyone in the product real¬ 
ization process knows what to do, when to do it, and how to do it. There¬ 
fore, in addition to being skillful in the modes of communication, we 
must also know the terminology used in product realization. 

Fumbles, Injuries, Risk, and Uncertainty. Competition and product realiza¬ 
tion is filled with uncertainty, such as weather changing the playing con¬ 
ditions or new regulatory laws changing competitive conditions. A player 
can drop or fumble the ball, as well as get injured on the field. Em¬ 
ployees can similarly make mistakes or get injured on the job. A certain 
amount of risk is inevitable in both cases. Imperfect knowledge and risk 
are just part of business and sports and must be accommodated. Deci¬ 
sions need to be made and actions need to be taken. Note, however, that 
successful teams plan for and prepare to overcome these difficulties. 

Individual Skills. Winning players are good at the position they play. Initial¬ 
ly, they prepare themselves in physical training such as weight lifting, 
jogging, sprinting, and other physical exercises, to develop individual ab¬ 
ilities of speed and strength. Then they learn and memorize all the 
“plays” that the team may execute during a game. Then during practices, 
they hone and coordinate their physical abilities with knowledge of the 
plays, to improve execution and timing. Similarly, successful employees 
recognize the importance of individual contributions to their depart¬ 
ment, project, or product development team. Initially they prepare 
themselves by developing technical knowledge and skills in the basic 
sciences, mathematics, engineering sciences, manufacturing processes, 
and design. They gain experience in design methods, computational 
tools, prototyping, and testing. They develop communication skills for 
effective listening, speaking, reading, interpreting, writing, sketching, and 
drawing. They learn and use “the jargon.” They develop a professional 

interpersonal “style” embracing empathy, tolerance, honesty, trust and 
personal integrity. 

Team Skills. Winning teams have outstanding players and coaches. They 
routinely practice offensive and defensive plays, so that they can flaw¬ 
lessly execute them during games. They also have effective, alternative, 
nd adaptive game strategies. If our company is to be successful we need 
to have outstanding employees and managers. We need to know and ful¬ 
fill our roles and responsibilities well. We need to adopt sound aVema 
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CHAPTER 2 

Defining and Solving Design 
Problems 


learning objectives 

When you have completed this chapter you will be able to 

> Characterize different types of design problems 

> Describe product and process plant components 

> Decompose and diagram a product’s components 

> Characterize types of design 

> Select and apply design problem solution strategies 


2.1 INTRODUCTION 

What characteristics distinguish one design problem from another? Let’s con 
sider the following design problem examples. 


Longer-life lighlbulbs. Our R&D department indicates that a newly developed 
material will extend the life of the current product by 20 percent. Should 
we modify our existing product line? 

Safer toaster . Our customer service department reports that many customers 
have complained about toaster oven, model #453, blowing circuit breakers 
in their home wiring. Is a manufacturing defect the cause or is a new design 
required to fix the problem? Is it ethical to continue shipping the existing 
toaster ovens without fixing the problem? 

Lower-emissions lawn mower. Due to new Environmental Protection Agency 
regulations, we must select a new engine for our current product 
power lawn mowers. What factors will we consider? 

Lightweight canoe paddle. Marketing studies indicate that our current line o 
solid wood paddles is too heavy for the growing market p 

Should we invest in the development of a new paddle using hgh 
ipecial-duly robot welder. The U.S. Navy has contacted our company to design 
and manufacture a new remotely controlled underwater welding robot. 
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If only six units are ordered, what manufacturing proeesses would be 

SJ2S 35^5»^t fix the problem? 

car rear. Our customer a h^S—; —^has 

contacted our company to low customer be willing to 

that we make for them. What compromises will our customer g 

make? Cost for comfort? Cost for safety? 

We readily see that some design problems involve '"'^°77hTdevdopmem 
products, such as the lightbulb and ear seat. Others reqmre V ^ 

of a new product, something that never extsted before such as thj 
welder. A design problem, therefore, can be defined as a P P 

deficiency that needs resolution, or a product/process oppo y 

COnS1 Some°design problems involve relatively simple, 0 " e 'P iec *P roduCtS ' 
shaped from a single material such as a toothpick or baseball bat. Others, sue 
as an automobile and a commercial jet airplane are examples o very comp ex 
products that include thousands of components made with different materia s 
or manufacturing processes. 

Some design problems deal with knowing the difference between the 
customer and the consumer. For example, redesigned car seats are bought by 
the customer and then sold to the consumers who actually use them. Will 
satisfying the customer’s desire for a lower cost be acceptable to the consum¬ 
ers if it means a trade-off in comfort or safety? 

Technology readiness is also used to characterize design problem types 
(Ulrich and Eppinger, 1995). Although R&D may have developed a new light 
bulb filament material in the laboratory, is it manufacturable in the factory? 
Will the new technology be cost-effective? Will it work reliably? 

Finally, design problems can also involve different quantities of produc¬ 
tion, such as the mass-produced toothpick or the one-of-a-kind machine to 
package potato-chips. 

In the remainder of this chapter, we describe the basic anatomy of prod¬ 
ucts and process plants to establish a nomenclature of component and process 
terminology. We then use the new terms to examine strategies for solving 
design problems. 


2.2 PRODUCT AND PROCESS PLANT ANATOMY 

Products are made of one or more fundamental components arranged in struc¬ 
tured assemblies. Process plants, factories, and facilities are also designed to 
function with multiple components. Products and process plants have struc- 
lures, like the parts and systems of the human body that work together. Much 
like medical students, we can benefit from the study of the “anatomy” of 
products and process plants as presented in sections 2.2.1 and 2.2.2. 
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2.2.1 Product Anatomy 

A product is an item that is purchased and used as a unit (Dixon and Poll, 
1995 ). Table 2.1 lists a small portion of the many thousands of products 
manufactured each year. Note that each item listed can be purchased and used 
as is. In other words, no further fabrication or assembly is typically required. 


TABLE 2.1 Example Products 


army helicopter 
automobile 
bag of potato chips 
baseball bat 
bicycle 
canoe paddle 
carton of milk 
coffee maker 
commercial jet 
fishing reel 

incandescent light bulb 
inflatable kayak 
laser printer 
leaf rake 


milling machine 
paper clip 
paper cup 
penlight 

portable CD player 
power lawn mower 
refrigerator 
garage door opener 
steam boiler 
toaster oven 
toothpick 
vacuum cleaner 
welding robot 
wrench 


Some products are simple and others are complex depending on the 
number, type, and function of their components . For example, the paper clip, 
canoe paddle, and toothpick are single-component products. The penlight, 
bicycle, and toaster oven are somewhat more complex. The refrigerator, 
automobile and commercial jet airplane are very complex. 

Products are composed of components that include parts and assemblies. 
A part is a single piece requiring no assembly. It ts sometimes called a 
piece-part An assembly is a collection of two or more parts or subassemblies 
A subassembly is an assembly that is incorporated into another assembly o 
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TABLE 2.2 Examples of Each Type of Product Component 

Standard parts Standard assemblies Special purpose parts 


bolt 

pump 

equipment housing 

nut 

valve 

access cover 

washer 

electric motor 

control link 

rivet 

clutch 

support bracket 

shaft key 

chain 

washing machine tub 

gasket 

heat exchanger 

automobile windshield 

v-belt 

brake caliper 

hood ornament 

gear blank 

ball bearing 

motorcycle fender 

shear pin 

power screw 

flashlight case 

lubricant 

gasoline engines 


sprocket 

electric switches 
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Example 

Decompose the pcnlight shown in Figure 2.1 into its constituent components. Identify 
whether the components arc parts or assemblies and in particular whether they arc 
standard or special purpose. Then prepare a product component decomposition dia¬ 
gram to illustrate the basic anatomy of the pcnlight. 

Looking at the assembly drawing from left to right, we sec that the pcnlight is an 
assembly of a cap, bulb, battery, spring, button switch, and case. The cap is a special 
purpose part made specifically to hold the bulb. The bulb is a subassembly composed of 
a glass lens, filament, and base. Since the bulb is mass-produced and made in standard 
sizes it is a standard subassembly. The spring is a part that is usually purchased as a 
standard part. The special-purpose button part acts as a switch by pushing the battery 
toward the bulb to connect the circuit. The battery is a standard subassembly including 
an anode, cathode, electrolyte paste, and plastic cover. The metal case is a spe¬ 
cial-purpose part, cylindrical in shape and electrically conducting. 



FIGURE 2.1 Assembly drawing of penlight showing standard and special-purpose components. 

A product component decomposition diagram is shown in Figure 2.2. Note that 
the diagramming scheme uses an oval to represent a product and a rectangle for a sub- 
assembly. Individual parts are shown as plain text. Also note that solid lines, join, g 
components, are used to show the hierarchy of the parts and subassemblies 
The decomposition diagram readily illustrates that the product 
two subassemblies and four parts. We note that the function of he bulb >s to con 
electricity to light. The function of the battery is to store eteetttcalenergy ad h 

supports the components as well as conduct elec.ric.ty from ^'"°u^n peering 
The decomposition reveals that the penlight assembly depends upon * 

tnd purchasing standard components such as the bulb, at,eI ^ “ b 0 h 

lepends on the sound design and fabrication of the speetal 
)f which will necessitate decisions regarding appropna e ma 
irocesscs. 
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Glass lens 

Filament 

Base 


^^^Penligld^) 



Anode 
Cathode 
Electrolyte 
Plastic cover 


FIGURE 2.2 Product component 
decomposition diagram of a penlight. 



Example n f an electric space heater. The 

Prepare a product component ecomposi b se mbly composed of a housing 

heater has: (1) a of a fan and 

eTectrfc 1^(3) an Special purpose electric module containing a blower switch, 
heater switch safety tip-over switch, and power cord, (4) a special-puipose heahng ele- 
ment, which uses a nickel cadmium wire wrapped around a ceramic frame and (5) six 

machine screws that fasten the subassemblies. 

The space heater includes four subassemblies fastened by machine screws 

shown in Figure 2.3. The blower unit is a standard subassembly. The enclosure, contro 
module, and heating element are special-purpose subassemblies. 



FIGURE 2.3 Component decomposition diagram of an electric heater. 
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In general, a product can be decomposed into its components including 
subassemblies or parts, which may be standard or special-purpose in nature, as 
shown in Figure 2.4. 



FIGURE 2.4 Product component decomposition diagram of a product having parts and 
sub-assemblies, both standard and special-purpose. 


2.2.2 Process Plant Anatomy 

Design engineers sometimes design process plants. Examples include: meat 
fnd vegetable processing, iron ore processing, petroleum plants, stamping 
n”ants hydroelectric power plants, and steel plants. A process plant ,s a combi¬ 
nation of systems used to process energy or materials (both organic and inor 
ganic). A process plan, is usually a one-of-a-kind design, cus.om.zed to meet 
soecific needs. A frozen-vegetable processing plant is shown in Figure 2.5. 

P The plant includes four systems: washing, blanching, freezing, and pac - 
aging A sSem is two or more pieces of equipment used to perform a set of 
processes. ^Other system examples include: waste treatment, auxiliary power 

c'om^oTpieces of equipment that perform simpler 

specialized processes. To process means to mechanical!>^ f °”Sg heating, 

matter so as to change its properties. Examples 

separating, distilling, refining, spraying, chilling, evap 8; 

genizing, freezing, heat-treating, cleaning, mspec mg, g ( form a 

condensers\ ekctrop|aUn^tanks, of systems, and 

pieces of equipment, as shown in Figure 2.6. 
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FIGURE 2.5 Decomposition diagram of a frozen-vegetable processing pi 



FIGURE 2.6 Decomposition diagram of a process plant. 


| System design methods « Product design methods 

Although this book will usually refer to product design, the 
design methods and techniques presented are commonly used 
to design systems and process plants. 
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nomenclature and anatomy of products and process plants Is used to describe 

the following types of design. 

Variant Design. Variant design seeks to modify the performance of an existing 
product by varying some of its design variable values or product parame¬ 
ters such as size, or specific material, or manufacturing processes (Pahl and 
Beitz, 1996). Examples would include: modifying the length of a lever to in¬ 
crease mechanical advantage, or using aluminum for a part rather than 
steel to reduce weight, or using die casting rather than sand casting to re¬ 
duce processing costs. Note, however, that the fundamental working prin¬ 
ciple or concept is usually maintained. For example, the size of the gasoline 
engine is revised rather than exchanged for an electric motor. 

Adaptive Design. Adaptive design is when we adapt a known solution to ac¬ 
complish a new task. Examples of adaptive design would include: adapting 
the ink-jet printer concept to spray a glue to bind powders in layers as a 
rapid prototyping method, adapting the cell phone concept to include per¬ 
sonal digital assistant functions, and adapting the positive displacement 
pump concept in reverse to be used as an internal combustion engine (Pahl 

and Beitz, 1996). 

Original Design. Original design refers to conceiving and embodying an orig- 
fnal, innovative concept for a given task (Pahl and Beitz, 1996). Ullman 
(1997) describes original design as the development of a new componen , 
assembly, or process that had not existed before. 

Election Design. In selection design we match the desired functional re- 
cuirements of a component with the actual performance of standard com- 
Zems "isted in vendors' catalogs. For example if we were designing a 
Zt and-pulley drive, we would determine the belt type and stze, o the 
nul ev shaft-bearing types and sizes. Or. if we were destgnmg a new lawn 
fractor, we would have selection design problems relating to the size an 
type of gasoline engine or the size and type o w ee s. 

Partly. Product Des ig n. ^ "%&%£££ 

whether a part, assembly, or product is g f om p on ent complexity: 
following types of design generaUy increase in :compo P de . 

standard part design, special-purpose part design, stana 

sign, special-purpose assembly design, an pr Desisn. 

Concept Design, Configuration ^™”fng and tyl* of information 

Design may also be . cha / ac ! e " Z n ed nh I S es 30 “^": formulation, concept de¬ 
being processed, as in the des 'g"P . or detaiI des j g n. Configure- 

sign, configuration design, param g ’ , e requires determining the 

tion design of a special-purpose part, P ’ ometr j c features, where- 

number, type, and approximate ar ™ ng ^™ uld exam i ne alternative working 
as concept design of a prime mo . G r gasoline engines, 

principles such as electric' s warn ^ ^ ^ ; mpro vement 0 f 

improvements we usually modify parts, or 
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subassemblies, or combinations thereof, by changing their, shapes, size$ ( 
configurations, materials, and manufacturing processes. Since design j$ 
determining “form,” whenever we improve an aspect of form we are esse n . 
tially redesigning. 

Artistic Design. Artistic design deals with an object s appearance, such as “de¬ 
signer” clothing or furniture. Since engineering design calls for the applica¬ 
tion of science and mathematics to predict the behavior of a candidate 
design before it is made, artistic design is not engineering design, however. 

Tinkering as “ Design. ” Throughout history we find examples of products that 
have not been engineered including: pots, pans, cutlery, chairs, sofas, and 
beds. Manufacturers of such “designs” employ new materials or try differ¬ 
ent fabrication methods without regard to the underlying sciences, and if 
successful, adopt them in their future products. As in artistic design, 
tinkering is not engineering design. 


2.4 STRATEGIES FOR SOLVING DESIGN PROBLEMS 

Is there an obvious strategy, or plan of action, for solving a particular design 
problem? Does the solution strategy depend upon the problem? 

Let s reconsider the examples presented in Section 2.1.The toaster has a 
defect that needs to be remedied. The situation is annoying and potentially 
dangerous to the consumer. The toaster has a part or subassembly that is not 
functioning, causing the product to malfunction. If the company does not act 
promptly, it will likely suffer significant financial losses. The current lawn 
mower engine pollutes the air and will no longer be legally acceptable. This too 
is a problem that needs immediate solving, similar to the toaster problem. The 
potato-chip-packaging equipment works. It currently functions. However, it 
might be able to work better. It represents an opportunity that would likely 

r*u iaiproved customer satisfaction and company profits. Similarly, the 
hght bulb, canoe paddle, car sea,, and robe, welder are opportunities to 
improve performance, enter a new market, reduce costs, or serve a new 

Design nroblems T ^" 15 "'tl ' 0 ^ ^ °PP ortuni,ies may be deferred. 
Tn adStir.n r ’ Varying amounts of agency or necessity. 

might consider other factom^ eramoi? ° f S °' Vin8 3 d “' 8 " P roblem > we 
available to redecion ant . amp e ’ we ma Y not have enough time 

too short. Or^w^may^iot 1 have enough I mano >eCaUSe ' he W is 
in the company. We may have to settle 

lenges may be too riskv Or it mo,, u u * CK 1,x * The tec hmcal chal- 

the market than to poorly redesign a'subsUtute W p hdraW 3 f 00r product from 
turer might withdraw a specific brand of off-road tircsT P ' “ ' irC manufaC ‘ 
tread failures appear to result in rollnvnrc r tirCS because delaminating 

this case, the company decided that the best hr™ 0 SP ° r ' S U,il ‘ ty vchicles - In 
the problem.” a mat the best bus,ness strategy was “not solve 
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Problem 

Solution 1 

Solution 2 

Solution 3 ! 


AWowA 

ITh« grass! 
31 Is J 

3v longl y 

f Homeowner 

^ Engineer 1 j 

Engineer 2 

ijJL V# 

Environmentalist 


Quite often, there are many alternative solutions to a design problem. Each of the three solutions will 
"cut" the grass. Solution 1 requires the user to walk behind the power lawn mower. Solution 2 permits 
the user to ride. Solution 3 requires no gasoline, walking or riding. But then again,... other waste 
products are generated. 


A number of approaches or strategies can be used to solve a design 
problem. Let’s reconsider the toaster design problem to illustrate some plau¬ 
sible strategies. Assume that we know that a defective part causes 5 percent of 
the manufactured toasters to fail during normal use. We might consider the 
following alternative strategies: 

A. Change the part’s thickness, length, or material 

B. Reconfigure the part by rearranging some of its geometric features, 

C. Select and purchase a similar part from a reputable supplier 

D. Redesign the subassembly eliminating the defective part 

E. Replace the part with one that uses a different working principle 

F. Pursue combination of above 

G. Discontinue the product, or 

H. Do nothing. 

We see that alternative A relates to revising a part’s size. We can call this 
strategy choice a variant design or parametric design strategy. Alternative 
strategy B relates to changing a part’s configuration, which we call configura¬ 
tion design. Choice C can be called a selection design strategy. Choice D can 
be called a redesign strategy. And similarly, choice E can be called a concept 
design strategy. We see that there are many viable technical approaches to 
solving the defective toaster part design problem. It may not be possible, given 
limited time and resources, to determine the root cause of the defect. There¬ 
fore, discontinuing the product may be the right business strategy. 

We can also conclude that a design problem is different than the solution 
strategy. The toaster design problem was that it was defective. A defective 
part caused product failures. And moreover, we can use any one of a number 
of strategies to “solve” the problem. 
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S.X 4 FSr!,I d ? problem ma y bave a self-eviden 

determined to be improperly fabricated ^ W3S 3 standard P art > an< 

Select and W ° Uld ^ PUrSUe aIternative C 

appropriate strategy is easier wh^ 3 .reputable supplier. Choosing ai 
knowing the root of the problem J! W ? kave more information, such a; 
faction. Unfortunately, we rarelv h S1 £ n ^ cance °f the lost customer satis 
self-evident strategies are rarelv oh * ^ 311 ! he infor mation! Therefore 
complex components such as sneriai V1 ° US ’ es P^ciaIly when we consider mort 
f We cannot know for JETT SUba "«<*- 
feet decision. It usually costs too m. u lnf ° rmatlon that would lead to a per- 
Businesses, however, make decision^ an , d t ? kes to ° much time to gather 

Otherwise, the competition would na« th" 1 / nited information all the time 

One key to success in seTectinP h u Y '. . . 

ting the right information. This is a main/ 1 ^*’ ^‘ dal solution strategy is get- 

ation. Figure 2.7 emphasizes that a oiven °i ^? cdve * n design problem formu- 

variety of ways. But take particular note h., 8 " Problem may be solved in a 

examine design problem formulation in ih„ formula <'°n starts them all. We 

n m the next chapter 
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CHAPTER 3 


Formulating a Design Problem 


LEARNING OBJECTIVES 


When you have completed this chapter you will be able 


to 



> Determine customer and company requirements 

» Describe and use sources of product and customer information 

> Prepare engineering design specifications 

> Understand and implement the House of Quality 

> Establish a consensus among the team members and management 

3.1 INTRODUCTION 



a design problem is an exciting and challenging activity Like a 


detective when solving a complicated homicide case, we investigate leads, 
uncover hidden facts, and determine motives. We pursue some dead-ends and 
have to backtrack. We may find our data to be false, or misleading, or uncer¬ 
tain. Conditions we once thought fixed may change during the investigation. 

Often the initial description of a design problem lacks the type of infor¬ 
mation necessary for successful design and manufacturing. Whatever informa¬ 
tion there is may be too general, or incorrect, or not technically specific. As we 
begin we try to get an overall understanding of the situation. But then, as we 
become familiar with the problem, we probe deeper into various sources to 
obtain more details. Piece by piece, as the puzzle begins to take shape, we 
systematically and doggedly pursue the facts to build a so i oun a ion 

f • . f | | 



solving the problem. 
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Initial design problem description 



Engineering design specification 


FIGURE 3.1 The process of formulating a design problem includes 
information, gaining team consensus on the basics of the problem and 
management to proceed. v ’ 


seeking and interpreting 
obtaining approval from 


^requirements T da,a ’ we detail the specific functional 

gets necessary constraints aSS j" 1 or P r °clctct, desired performance tar- 

St,r dims ' n! " ; ' d “ “ - 

interpretations of the data, revisine thfri nSUS> members discuss their 
the data sources, if necessary, t 0 8 resolve 0 ™T° nS and pr ° be deeper int0 

preliminary engineering design specification wh'? 1 ^ they prepar ° » 
of the problem. n ’ wb,cb is a written “summary 
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Obtaining Management Approval. To keep management informed and to 
obtain their approval, the team presents the preliminary engineering design 
specification in a design review meeting, or in a memorandum or technical 
report. 

The formulating process summarized in Figure 3.1 is no doubt an over¬ 
simplification of how individual teams formulate design problems in their 
companies. However, the figure does illustrate that a product development 
team processes a significant amount of information. The figure also emphasiz¬ 
es the need for a common understanding among team members and manage- 

In the next sections of this chapter we examine the specific types of infor¬ 
mation to be processed and methods that facilitate building consensus. 


3.2 OBTAINING A DETAILED UNDERSTANDING OF THE DESIGN 
PROBLEM 

The quantity and quality of information we obtain often depends upon 
whether the design problem pertains to a part, subassembly, or pro uct. 
Imagine, for example, the original design of a high-performance motorcyc e, 
versus the variant design of a multi cylinder internal-combustion-engme, 
ve^us the selection design of a ball bearing. Let's examine these specific 
situations to identify the types of information we might search for and acq 
in any given design problem. 

^such^a^L^riey-Dmddson^Honda^Kawasak^and^Suzuki^esi&n an^m^^ 

facture millions of motorcycles -fj-r “ te 

touring bikes, street ^bikes, consequent i y demands 

?h 8 e umostTn engineering design skill. The team would normally seek ,n- 
formation regarding: 

How quickly should the cycle accelerate to 60 miles per hour? 

What should the top speed be? 

How maneuverable should the motorcycle be? 

Is fuel consumption less important than acceleration. 

What riding comforts are expected? 

Is an electric starter desired? 

Will the customer tolerate a liquid cooling system. 

Will the customer care about aesthetics? ? 

Which is more preferred: low-end torque or ig 
What is the target cost of manufacture? 

What arc the ambient air temperatures an 
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■ What is the anticipated production run quantity? 

■ What types of instruments are preferred, digital or analog? 

Multicylinder-Engine Design Example. Multicylinder internal combustion 
engines can be purchased by original equipment manufacturers (OEMs) f 0r 
use in products such as: riding lawn mowers, auxiliary electric power gene 
rators, and powerboats. While most engine manufacturers have standard 
lines of 2-, 4-, 6-, or 8*cylinder engines, they will custom-design engines for 
special OEMs. To complete a custom design, however, the team would 
consider requirements such as: 


What fuel will the engine burn? 

What horsepower and torque are required at what speeds? 

Are there any height, width, and or depth size constraints? 

Is there a preferred output shaft size? 

Will the engine run at full speed all the time? 

What features or performance issues are important? 

Will the engine run at idle speed for long periods? 

Is an electric starter preferred? 

What will the ambient air temperatures and humidity be? 

How long should the oil and air filters last before replacement? 

Will an integral fuel tank be required? 

What is the desired life expectancy in operating hours? 

What is the desired service interval for valve clearance and timing? 
What safety standards will apply? 

Will components be made in-house or purchased? 

What is the desired specific fuel consumption (gal/hr per hp)? 

What new factory tooling will be required? 

What is the target cost of manufacture? 

What is the anticipated production run quantity? 

Ball-Bearing Selection Design Examnlr R*n k 

assemblies made by a number nfm? P f 3 hearings are standard sub- 
an outer ring, inner ring balls and h” n actUrers ‘ Each fubassembly includes: 
shields and seals. When we design a h^i, Sep ? rator ‘ Optional features include 
a manufacturer’s catalog based on rat h WC select a tyP e an d size from 
depend on a number of requhemems,deluding? ^ ** siK 

■ Will the bearing be subjected to impact? 

What radial and thrust loads win tu** 1 

Will the bearing need to be self-aligning? 
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rated loads? rOIa "° nS Sh ° Uld 90 f ’ crcom °< «>= bearings .survive a. the 

How will the bearing be mounted? 

What will the range of air temperatures and humidity be? 

How many units will be purchased? 

What type of warranty does the supplier provide? 

As we see from these pv?mni^ . . 

for, acquire, and interpret essential deta^lT 8 /^™ 1 ? 3 *' 011 WC active, y search 
w'hat product functions are desired hm * n° des,gn problem involving: 
operating environment Zt^el d Z ^ ^ fU " C,i ° ns are Permed, the 
manufacturing, and finance concerns Th Subjected t0 ’ as wel1 as marketing, 

customer requirements and company requirements. dastiGed im ° 


3.2.1 Customer Requirements 

^^^^^P^^^^^y^^bo^custo^er^Value^caTbe^efinedas^he ratio 

ou°r “S 


Function and Performance. The most important requirement of a product is 
that it should work. In other words, it should perform one or more func¬ 
tions. The principal function of a motorcycle, for example, is to transport a 
person. However, if we decompose, or subdivide, the main function into 
subfunctions we might understand our customer a little better. For exam¬ 
ple, a motorcycle performs a number of subfunctions, including: transport 
rider(s) fast, steer bike easily, support rider(s) comfortably, absorb road 
shocks, and start engine quickly. Products or parts produce or react to 
forces and moments. They also provide motion (kinematics), convert types 
of energy, or control matter or energy. For example a: 

■ screwdriver drives a screw by pushing and twisting, 

■ coffeemaker converts electricity to heat water for brewing, 

" wall switch connects house current to control overhead light, 

■ pencil transmits hand force to graphite tip to mark paper, 

* ship propeller converts rotational shaft torque to thrust force, 
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■ hammer drives a nail with an impact force, and 

■ thermostat senses temperatures to control furnace and blower. 

Note how the functions performed by the product generally relate to 
energy, matter, and signal (i.e., control). We will discuss these and other 
functions and subfunctions in more detail in Chapter 4, “Concept Design.” 

After we determine the primary functions that our customer desires, we 
try to ascertain how important each function is to the customer. For example, 
the customer often describes more important functions as those that must be 
included versus those that should be included. Pahl and Beitz (1996) describe a 
“must” function as a demand and a “should” function as a want. Both sets of 
descriptors are in common use. In addition to using words as importance 
descriptors, design teams sometimes estimate importance using quantitative 
importance weights, as shown in Table 3.1. Note that the total adds up to one, 
or 100 percent. As we will see in later chapters, importance weights are 
measures that can be used to evaluate alternatives. An alternative to impor¬ 
tance weights is the use of importance ratings, or measures that use ordinal 
numbers scales, such as “5” for most important, “3” for important, and “1” for 
not important. Not everything is important. We must determine the impor¬ 
tance of each function. 


TABLE 3.1 Customer Importance Weights By Function. 

Function 

Weight 

transport rider(s) fast 

50% 

steer bike easily 

20% 

support rider(s) comfortably 

10 % 

absorb road shocks 

5 % 

start engine quickly 

15% 

total 100 % 


Operating Environment. The operating environment for a product includes 

tarns) or liquids (e.g., salt spray), shoc^nd vib r afion Chem ' Cal Vap0rs/ P ollu - 

"s ta 11 a t i on U use ^or * retirement. Manuf °t damage any[hin 8 du ™ig their in- 
sponsibie to ensure that their products ^rTfreT f e ' hlCa ' ly and le 8 a Hy fa- 
defects of design and manufacture. f fr ° m hazards caused by 

the initial price'ttey^ay.b^staMatSn'f *es ,, 'd2jyg | ^^' rcmen !?’ induding: 

’ ae,,vcr y charges, financing ex- 
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penses, repair and mainten P F ° rmulat,n 9 a Design Problem 

Government and business cusfomers ••iusdf “ appHanccs «n<l vehicle' 
life-cycle cost/benefit analyses. J fy com P II "y purchases using 

Geometric Limitations. The n m ,i„n. 

height, width, and or depth. Or it ma'vncc'n *°i , f ' 1 a spacc hmited by 
canons or have some angular requirements' N„ 5C 1 , C ° n " ccted a > certain lo 
not be used to set specific sizes or contain r ‘ hlS Categor V 

r^er consider only limitations on overall T r" Pr ° duct ' 11 should 

Maintenance. Maintenance requirements inch H i confl 8 uratlo "s- 

cleaned, adjusted, and/or lubricated for ^ h ° W and when lhe producl is 
need for special training and/or took tn W l ork,n 8 condition. The 

also be considered. t0 P erform the maintenance should 

Repair. The costs and convpni»n^ 

be of importance, especially for unexpectedtle M° ken ” W ° rn partS may 
accidents. P cte “ breakdowns or damage due to 

“malCri^^rrS some Se Th d ** ‘ he ° f itsusafal 


Robustness. A robust product performs in spite of variations in its material 

Tusert 1 f’ U T n,anufactured ' the operating environment, or how it 
is used For example, customers might be somewhat dissatisfied when a 
product s moving parts jam because of thermal expansion. 

PoUution. The customer may require specific considerations of air, water and 
noise pollution. 


% 

Ease of Use. Will the product require special controls to operate effectively 
(e.g., air-conditioner thermostat, automatic garage door opener)? Will the 
customer need to be trained before using the product (e.g., private airplane, 
all-terrain vehicle, computer numerical control (CNC) machine, or fire¬ 
arm)? In other words, will the product be user-friendly? 

Human Factors. When a product is used, controlled, or operated by a person, 
human factors must be considered, such as the user’s ability to apply forces 
and torques, body size and range of motion (i.e., hands, feet, arms, and 
tegs), and ability to sense (i.e., touch, hear, or see). 

Appearance. Docs the customer have any specific requirements as to color, 
shape, surface finish, texture, and/or aesthetics? 
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3.2.2 Company Requirements 

Successful products must also satisfy company requirements as well as cus 
tomer requirements. As mentioned in Chapter 1, the company will make a 
significant investment during the product development phase and the manu¬ 
facturing ramp-up, before the product provides any sales revenues. Consid er . 
ing that it may take months, if not years, of continuous sales revenues to p a y 
for these early investments, the company will have requirements pertaining to 
marketing, manufacturing, and financing. 

Marketing Marketing requirements involve specifying product features 
options, prices, warranties and delivery times. The marketing group will also 
investigate the competition and what it will be doing during the time it takes to 
get the product on the market (i.e. “time to market”). The company may 
decide to pursue a strategy to serve a specific segment of the market, such as 
large discount chains, or develop a product for a “high-end” niche market. The 
company will also try to estimate the necessary advertising resources and the 
annual volume that should be produced and sold. 

Knowing whether the customer is an individual, group, business, or gov- 
ernment agency can make a big difference. Some products are bought by two 
or more people, such as an automobile or family home appliance. In such cases 
the evaluation of individual products and the decision to purchase is made by 
two or more people. Similarly, businesses buy products such as photocopy 
machines, milling machines, personal computers, and welding robots. Howev¬ 
er, businesses often establish rigorous criteria and purchasing procedures that 
involve significant rational decision making. Similarly, government agencies 
uy products, such as helicopters and tanks. Obtaining an undpr^t^nrUna nf 



1 - ^ une-oir proaucuun* 

processes such as injection molding 
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and die casting would not be considered for it. Lean manufacturing is a 
production practice that tries to minimize inventory handling and storage 
often associated with batch production. 

Financing The product development team will also obtain information that 
can be used to prepare estimates of the capital expenditures necessary to pur¬ 
chase and install manufacturing equipment or modify existing facilities. 
Similarly, projections of sales revenues, expenses, profits, and return on 
investment will be estimated. These estimates are usually prepared and 
updated throughout the product development project. The figures are period¬ 
ically reviewed by senior management to determine whether to continue or 
terminate the project. 

Other In some cases, existing patents may block the product design. If a li¬ 
cense agreement cannot be negotiated with the patent holder, a new design 
concept will have to be considered. Similarly, legal and voluntary regulations, 
standards, and codes need to be examined. 

A summary of fundamental customer and company requirements is pre¬ 
sented in Table 3.2. 

3.2.3 Engineering Characteristics 

Next we select engineering characteristics, or measures that can quantify how 
well a product performs each requirement. For example, what does a motorcy¬ 
cle customer mean when she says that she wants to go fast? We might consider 


TABLE 3.2 Fundamental Customer and Company Requirements 
Customer Requirements Company requirements 


Functional performance 
Motions/Kinematics 
Forces/torques 
Energy conversion/usage 
Control 

Geometric limitations 
Operating Environment 

Air temp., humidity, pressure 
Contaminants 
Shock, vibration 
Human Factors 
Economic 
Safety 
Appearance 
Reliability 
Robustness 
Maintenance 
Pollution 
Repair 
Retirement 


Marketing 

Customer / Consumer 
Competition 
Strategy 
Time to market 
Pricing 
Advertising 
Sales demand / targets 
Manufacturing 

Production quantity 
Processes, Materials 
New factory equipment 
Warehousing & distribution 
Financial 

Product Development Investment 
Return on investment 
Other 

Regulations, Standards, Codes 
Patents / intellectual property 
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quantifying the “go fast” requirement by selecting top speed measured in 
miles per hour, or maximum acceleration measured in feet per second per 
second, or both. Similarly, we might quantify “start quickly” by selecting 
cranking time measured in seconds. 

Engineering characteristics are essential to the design process. They 
should be objective and not subject to interpretation. First, they can be can be 
used to impartially assess how well an existing product satisfies its customer 
requirements. Second, since engineers use these same measures in formulas to 
predict the physical behavior of objects, we can use engineering characteristics 
to assess how well a new product might perform. The phrase “engineering 
requirements” is sometimes used in industry to describe these measures. 
Requirements, however, are somewhat different from characteristics. A 
“requirement” is more of a desirable or necessary target value for an engi¬ 
neering characteristic. A “characteristic” is really the means to establish a 
“requirement.” Therefore, in this text we refer to these quantitative measures 
as engineering characteristics. 

We also designate appropriate units and limits for each engineering char¬ 
acteristic. Limits refer to minimum or maximum values that customers often 
demand, such as: needing at least 10 miles per gallon of fuel. A few engineering 
characteristics for the motorcycle example are given in Table 3.3. 


TABLE 3.3 Engineering Characteristics, Units and Limits. 

Subfunction 

Engineering Characteristic 

Units 

Limits 

start engine quickly 

cranking time 

seconds 

<6 sec 

support rider(s) comfortably 

cushion compression 

inches 


transport rider(s) fast 

acceleration 

feet/sec 2 

> 32 ft/s 2 


top speed 

mph/kph 

>90 mph 


0-60 mph 

seconds 

^ 6 sec 

steer bike easy 

steering torque 

pound-ft 



turning radius 

feet 


absorb road shocks 

suspension travel 

Inches 

> 5 inches 


3.2.4 Constraints 

Restrictions on function or form are called constraints. Constraints limit our 
freedom to design. Maximum or minimum performance limits relating to the 
desired functions or subfunctions are appropriately called constraints. Specific 
limitations regarding shape, size, configuration, materials, or manufacturing 
processes are also called constraints. Constraints also originate from economic 
or legal considerations. Finally, constraints derive from the laws of nature. The 
conservation of energy, and static equilibrium for example, are often used to 
develop constraints. 

During formulation, we take careful note of all explicitly stated con* 
straints. For example, injection molding must be used,” “the customer 
requires aluminum components,” “a round tank is required.” “The length 
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must be less than 5 feet,” or “a left-handed thread is required.” Implicit con¬ 
straints, on the other hand, arc those restrictions that arc implied, or generally 

[ understood, but not directly stated. For example, the customer implicitly wants a 
safe product. More generally, safety implies that all the parts will not buckle, 
fracture, melt, corrode and so on. 


When a design for a part, product or process satisfies all the constraints it 
is called a feasible design. Those alternative designs violating any constraints 
are said to be infeasible. During the parametric design phase we will generate 
a number of alternative designs, predict their performance, and check that the 
constraints are satisfied for each design. Only those designs that are feasible 
will be developed further. 


We must consider implicit and explicit design constraints. 


3.2.5 Customer Satisfaction 

Finally, contemporary product design teams try to qualify or quantify how 
satisfied a customer is at various levels of performance. Satisfaction is a 
measure of the utility a product provides (Badiru and Pulat, 1995; Dixon and 
Poli, 1995; Hazelrigg, 1996; Keeney and Raiffa, 1976; Siddall, 1982; Stub et al., 
1994 ), In other words, design teams try to estimate customer satisfaction with 
respect to key engineering characteristics. For example, would a top speed of 
90 miles per hour be unsatisfactory, moderately satisfactory, or highly satis- 
factory for a high-performance motorcycle? How much more satisfaction is 

there at 120 or 150 miles per hour? 

Customer satisfaction is extremely important. First, we need the customer 
to tell us what a good or excellent design is. We should not impose our values of 
good or bad. A high-performance motorcycle customer might value a 90-miles- 
per-hour top speed bike as unsatisfactory, even though we might value it as good 
or excellent. Second, we should try to establish qualitative or quantitative levels 
of satisfaction. We could then measure how good an existing product is, or how 
good a competitive product is or a new design might be. 

What performance would the customer consider as unsatisfactory, poor, 
fair, good, or excellent? Continuing with the motorcycle example, wemig t 
find that various top speeds would result in the qualitative levels of satisfaction 
shown in Table 3.4. Note that the table uses qualitative words such as not satis- 

led, somewhat satisfied, and moderately satisfied. 

A quantitative means to express customer satisfaction is to use numerical 
r alues. For example, when the customer is not satisfied, we quantify it with t e 
umber 0 (i.c., 0 percent satisfied). When the customer is most satisfted, we 
uamify his/her satisfaction value as 1 (i.e., 100 percent satisfied). Similarly, 
thcr values can be established for levels in between, as shown in Table 3.5. 
.Ithough somewhat subjective, quantitative satisfaction values can be used 
/aluate the “goodness” of existing products or new design candidates. 
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TABLE 3.4 Qualitative Satisfaction Levels Based on Top 
Speed 


Top-speed (mph) 

Satisfaction level 

0 < speed < 90 

Not satisfied 

90 < speed 5 100 

Hardly satisfied 

100 <speed <110 

Somewhat satisfied 

110 <speed £ 120 

Moderately satisfied 

120 <speed £ 135 

Very satisfied 

135 < speed < 150 

Most satisfied 

speed >150 

Most satisfied 


TABLE 3.5 Quantitative Satisfaction Values Based On 


Based on Top Speed 

Top-speed (mph) 

Satisfaction level 

Value 


0 < speed < 90 

Not satisfied 

0.0 


90 < speed <100 

Hardly satisfied 

0.3 


100 < speed <110 

Somewhat satisfied 

0.5 


110 < speed < 120 

Moderately satisfied 

0.8 


120 < speed < 135 

Very satisfied 

0.9 


135 < speed < 150 

Most satisfied 

1.0 


speed >150 

Most satisfied 

1.0 



Graphing provides a third means to provide satisfaction values as a func¬ 
tion of a performance variable. Let’s continue with the high-performance mo¬ 
torcycle.. Using focus groups and other customer satisfaction assessment 
m oimation we might decide that our customers would be totally unsatisfied 
with a bike having a top speed of less than 90 miles-per-hour. Further, we 
decide that the customer would be totally satisfied with any speed greater than 
ISO miles per hour. Let’s also assume that the customers would be proportio- 
nately satisfied in between those speeds. Let’s use the value of 0.0 for not 
satisfied and 1.0 for totally satisfied. Rather than using a table, ’We graph a 
satisfaction versus top speed" curve as the dashed line shown in Figured 2 
We could similarly decide the customer’s satisfaction with respect tocushion 
compression and cranking time, as shown in Figure 3.3 and Figure 3 4 

Using the customer satisfaction curves for cushion compression and 
cranking time, we can readily determine that the customer will be unsatisfied 
With cushions too soft or too stiff, and that a cranking time greater than 6 sec 

help^L“whth mot Ving > th H kn0Wledge ' in a O uai ttifiable manner, will 
our customer the mo™ g ” Candidates are “ better -” ‘hat is, satisfy 

(2) targef^va^ue-i^bef^'fi^^im 68 ^ 3 *! thr6e ca,egories: 0 more-is-bettet, 
are shown here as dashed iines to 
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90 


I 

150 


Top speed (mph) 

tion as a function of top speed (mph). This is an example of a 
onship (i.e., more top speed results in more customer satisfaction). 



Cushion compression (inches) 




ion versus cushion compression (in.). This is an example of a “target is 
greatest customer satisfaction occurs at target value). 
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customer’s 


Parametric 



satisfaction. More examples will be discussed later in Chapter 8, 


Most important, we recognize that even though th 
arbitrary and the end points are only estimates, we s c 
how our customer appreciates different levels of perfoi 
understanding will help us make better design decisions. 


3.3 INFORMATION SOURCES 

As we formulate our design problem we search for and examine information 

from a variety of sources, including: surveys, market studies, literature, focus 

groups, observation studies, and benchmark studies. 

Surveys. Perhaps the first place to look is inside the company. Many compa¬ 
nies have established customer feedback systems that include: service re¬ 
ports, customer support reports, and warranty claims. Customer surveys 
provide a major source of information on existing and potential customers. 
Customers can be queried using phone, mail, and e-mail surveys in addition 
to in-person interview surveys. Also, some surveys are available from trade 
associations. 

Market Studies. Trade associations, and/or government agencies, publish 
market studies that provide information about general customer trends. 
The U.S. Department of Commerce, for example, provides annual produc¬ 
tion statistics on thousands of companies in dozens of industry classifica¬ 
tions. Also, consultants are often hired to conduct market studies . 

Literature. Literature sources include reference handbooks, monographs, 
technical journals, trade journals, and general periodicals, in addition to 
electronic sources such as compendiums and Internet searches. 

Focus Groups. A focus group of prospective customers can be gathered in 
one location to discuss a new product (Crawford and DiBenedetto, 2003). 
The participants are usually compensated for their time and a highly trained 
moderator often leads the discussion. * ’ 


Observation Studies. Customer use patterns can be obtained by observation 
studies wherein company representatives or paid consultants observe cus¬ 
tomers as they interact with a product, without beinp thpm^v.c f™ 
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To help us answer these difficult questions, vvc should consult company 
experts and upper management for their experience, wisdom, and guidance. 

Note that the information gathered involves many departments from 
across the company. It is no wonder, therefore, that successful product design 
teams have representatives from sales and marketing, engineering, finance, 
and manufacturing. In addition, recall that the industrial designer on the team 
will focus on desired aesthetics, while the design engineer will concentrate on 
the desired functions. 

In the next section we examine Quality Function Deployment (QFD) 
and the House of Quality for product planning. The house of quality, in 
particular, is an outstanding method that systematically structures and devel¬ 
ops the design problem information. 


3.4 QUALITY FUNCTION DEPLOYMENT/HOUSE OF QUALITY 

As we consider the entire product realization process, from identifying cus¬ 
tomer requirements to delivering the finished product, we recognize that thou¬ 
sands of decisions by many different people using various evaluation criteria 
are involved. Hopefully our company will appoint a concurrent engineering 
product development team that is collocated, cross functional, and coordi¬ 
nated by a high-ranking manager. But will the product have the quality that 
the customer is expecting? 


3.4.1 What Is Quality? 

Consumers were surveyed by Time magazine (1989) about what a quality 
iroduct is? The most frequent responses were: (1) works as it should, (2) lasts 
t long time, and (3) is easy to maintain. An earlier work by Garvin (1987) 
torroborates the survey’s findings by identifying the following characteristics 
if quality: (1) performance, (2) features, (3) reliability, (4) durability, (5) 
ierviceabllity, (6) conformance to conventions/standards, (7) aesthetics, and 
8 ) perceived quality/ reputation of manufacturer. , 

Since a product is as good as its parts, a quality product is made of qual y 
,am , which are made by high-quality manufacturing processes Consequently 
t will function or perform as expected (reliable), last a long hme (durable), 
md be easy to maintain (serviceable), among other t ings. u , w 
lartmcnt in the company is responsible for quality? Is it sales and marketing? 

’reduction? Engineering design? Other? 


.2 Quality Function Deployment (QFD) 

try department contributes to the quality of the product and is .herefore 
ponsiblc. Jus. like the responsibility for financial nta.ters is a busmess 
ction that can be assigned to a group of employees in the finance 
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Ti,v But everyone in the company is responsible h 
department, so can quality. »“ |ity throughout our company? % 

quality. How can we assign o P / depar(men ,. Yes, there is the qua| it 
can’t call every h q { usua |ly responsible for only a limi le J 

control “department ButI I S P £ cheddng actl vities. But, don',I 

set of raw material and finishea gouu ? 

we need to have all the departments oc q d method (hat 

« ^^gS miners m carefuily integrate the voice of,: 
upon the expertise of g p T h e method makes use of discussion 

"TirnSy address product, part, process and production 
aZZ Group discussions are summarized in four houses of quality diagram, 
It Lcture (1) product, (2) part, (3) process, and (4) production infer- 
motion. Since representatives from all corners of the company are mvolved m 
the decision making, the method achieves a high level of consensus, and 
consequently results in high-quality products. In other words, quality, as 
defined by the customer, is deployed throughout the company. Let s examine 
the first of the four houses, the house of quality for product planning. 


3.4.3 House of Quality for Product Planning 

The “House of Quality” (HoQ) for product planning is a systematic graphic 
representation of product design information organized as a matrix of 
“rooms,” “roof,” and “basement.’’The house of quality is a useful and illustra¬ 
tive summary of product information. The three other houses of quality (part 
design, process planning, production planning) will be discussed later in this 
chapter. 

The real value of the HoQ is not the diagram. Rather, the real value lies 
in the required group discussion and decision making, which leads the team to 
a common understanding of the design problem. 

Recall that during problem formulation the team tries to obtain a de¬ 
tailed understanding of the design problem. It gathers and evaluates infor¬ 
mation relating to: customer and company requirements, their importance 
weights, engineering characteristics, and competitive products used as bench¬ 
marks. Some of this work will be done in groups. But, a lot of the work will be 
done individually. If discussion and summary are a group activity, however, 

COnSe " SUS ° f ° pini ° n ° n many aspec,s of the ;} 
.ores in Figure 3 - 5 - ^ 

importance weights, 3. engineering characIi^irT'cIrelat’' 2 ‘ T' 0 "! 
requirements and characteristics Unnni, , ’ 4 ‘ correIat,on ratings of 

mark performance values, 7. new product Satlsfaction ratin gs* 6. bench- | 

between engineering characteristics. S ' 8n Va,UCS and 8 ' C0U P Iing j 
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Coupling 




3 

Engineering characteristics 


1 

Customer 

requirements 

2 

Importance weights 

4 

Correlation 

ratings 

5 

Benchmark 

satisfaction 

ratings 



6 

Benchmark 

performance 




7 

New product 
performance targets 



FIGURE 3.5 Rooms of the product planning House of Quality structures important information. 

/. Customer Requirements (Room 1). Customer requirements are summarized 
as rows m the first column. A clear list of functions and subfunctions focus¬ 
es on important needs of the customer. Customer wording or terminology is 
frequently used to express the “voice of the customer.” The list should 
contain only the more important requirements and rarely exceeds 25 items. 

2. Customer Importance Weights (Room 2). Adjacent to the requirements 
column is the importance weights column. Using values between 0.0 and 
1.0, the weights establish how important the customer considers each re¬ 
quirement with respect to the other requirements. The importance weights 
sum to 1.0. 

3. Engineering Characteristics (Room 3). Along the top row, underneath the 
roof triangle, is a list of quantitative performance parameters and their 
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ctor. An engineering characteristic 
associated units, arranged in a roW ^fjsfaction of each customer re- 
can be used to quantify the amount of sattsta 

quirement. # At the inte rsection of a row and col- 

4. Correlation Ratings Matrix ' Koomh ount of correlation between a 

umn is a ce„ that is -^^jt^eering ch"ac,eristic. Each ceil is given 
customer requirement an . 8 ®| ow ), 3 (medium), or 9 (high) for 

six of three correlation ratinjUiumbers^l^^)’ con . e]atjon The ceI1 is Ieft 

positive correlation ’’ tion The numbers 1,3, and 9 are frequently 

Ssedfopractice,''although other number schemes have been used. Note that 
poor, correlated eus.omer requirement/engineermg characteristic patrs are 

not good indicators or predictors for the team. If all we have are uncorre¬ 
lated or poorly correlated engineering characteristics, we have no real 
measure of the satisfaction of a customer requirement. How will we ever 
know whether our new product design will satisfy the customer if we don t 
have any correlated measures? 

5. Benchmark Satisfaction Ratings (Room 5). To the right of the correlation 
matrix we list customer ratings for competitive products used as bench¬ 
marks. First, the team rates its own current product (CP), if it has one, as to 
how well it satisfies the customer on each requirement. Then, the team 
rates each competitive product. This, of course, requires the team to con¬ 
sider what the customer thinks about each alternative product. Market re¬ 
search data can be used too. A new product idea can also be added to the 
benchmark section, to be rated against the competition. 

6. Benchmark Performance (Room 6). Below the correlation matrix we indi- 
cate the performance of each benchmark product, using the measurement 
units designated for each engineering characteristic. This section, therefore 
is an arrangement of statistics gathered on the competitive products as to’ 
how well each product performs or “measures up.” 

7 - "ZxtZlX (R T 7) - Bel0W ,he perf0rmance in the base- 

ment, we list performance targets, or desirable goals for the new product 

SSSirs; "«•—- 

negative coupling. Uncoupled em. P ° S “ 1Ve C0U P lln 8 and -1, -3, and -9 for 
one by one, without affecting otherTrH characteristics can be optimized, 
correlated characteristics indicate neerin 8 characteristics. Inversely 
or “trade off." I„ other words if we C ° mpr ° mises need to be made, 
worsen the other. ’ tmprove one characteristic we will 
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Example 

A product development team has been formed to design a new electric pencil sharpener for use 
in homes or offices. The team has obtained market research data and, combined with their own 
surveys, have come to a consensus about the major customer requirements including: doesn’t slide 
when using, needs little insertion force, requires little insertion torque, operates when pencil is 
inserted, collects pencils shavings well, empties shavings easily, plugs into wall socket easily, cord is 
long enough, grinds pencil to sharp point, and needs only one hand two operate. Through a process 
of voting they also determined approximate importance weights for each. 

After considerable discussion they agree upon the following engineering characteristics: slides 
(yes/no); friction factor, start switch force (Ibf.), insertion force to sharpen (lbf.), hold force required 
(Ibf.), grasp torque (in.-Ibf.), shavings storage volume (cu. in.), number of steps to empty, standard 
120 VAC (yes/no), cord length (ft.), point cone angle (degrees), number of hands to operate, weight 
(oz.), and point roughness (micro in.). 

Then, systematically, they discussed correlation ratings, customer satisfaction ratings, and 
coupling ratings and establish new product targets. They summarized their understanding of the 
product design problem in a house of quality for product planning, shown in Figure 3.6a and 
Figure 3.6b. 




Engineering Characteristics 
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Importance wt. 

slides (yes/no) 

friction factor 

start switch force (lbf) 
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JURE 3.6b The “roof’ of the House of Quality for an electric pencil sharpener is shown here 
i convenient spreadsheet format. 


Scanned by CamScanner 















































Chapter 3 


Formulating a Design Problem 


61 



Planning 


structure product, part, process, and prSucti™ bfomadon ’ ! “ d "' 8 h ° IBe °' qUality d ' agrams 10 


Further information on quality function deployment and the housefs) of 

nhffiV Lom e ClaUS ^ g (1 " 4); Cohen t 1995 * Hauser *nd Clausing 
(1988), King (1989); Summers (1997); and Urban (1993). 8 


3.5 PREPARING AN ENGINEERING DESIGN SPECIFICATION (EDS) 

In the early phases of the formulating process, we gather, examine, and 
evaluate information regarding customer requirements, company require¬ 
ments, engineering characteristics, constraints, and customer satisfaction. 

At this juncture, we usually devote some effort to summarizing the de¬ 
sign requirements in a document commonly called an engineering design 
specification, or EDS. The information is fresh in our memories and we need 
to consolidate the notes of our individual team members. More important, 
some members may have different interpretations of the data, which need to 
he resolved. This may be especially true if we did not prepare a house of 
quality for product planning. Therefore, discussing and documenting the 
engineering design specification is more than recording the team’s findings. It 
•s a useful process that can correct misunderstandings and clarify terminology 
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,h,r departments. It is a homogenizing p roce 
among team members from o derstan ding of the customer’s needs and 

that usually results in a common un « 

priorities. , poring design specification ( ) is a single 

Consequently, the engmee 8 m . s understanding of the specific d elaih 
document that captures the ' vh0, ‘. Dixon and Poli, 1995; Haik, 2003). (, 
of the design problem (Dieteu requirements, company requirements 
includes information on cus ‘ ints , and customer satisfaction. An 
engineering characteristics, c of , he more important categories, is 

example template, which nsis one pa ge long and in others it may 

shown in Table 3.6. In some cas contents of an EDS will be tailored to 

be dozens of pages long, or cou , subassembly> product, system, or plant, 
the item being designed, i.e., P > r oduct design specification (PDS) 

Note that the EDS is sometime n preparing a “statement of the 

(e.g. Pugh, 1991). This step 15 .^ll solving methods, 
problem” that we find in genera p time. Therefore, we should 

Not all of the details will be [o bg a wo r k . in -progress and 
consider the engineering design P . t more information and know- 

dynamic in nature. As we deve °P ^ gp)S as we proceed, even up 

ledge develops. Therefore, we can fme-tune the bu ^ ^ ^ ^ P 

to the point of production enginee 6- e ff or t since in a manufacturing 

enteiprise h chmiges' me^ocumente^by'mighm^rfng change notices that need 
to be circulated through the company for approval signatures. 



Cover page 

Title, date, stakeholders 

Introduction 

Design problem description 
Intended / unintended uses 
Special features 
Customer Requirements 
Functional performance 
Operating Environment 
Human Factors 
Economic 
Safety 
Appearance 
Reliability 
Robustness 


Maintenance 
Pollution 
Repair 
Retirement 

Company requirements 

Marketing 

Manufacturing 

Financial 

Regulations, Standards, Codes 
Patents / intellectual property 
Other 
Appendices 
Site visit data 
Sales/Marketing data 
HniKP nf Ounlifv 
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Engineering design specification * * Product specification 
Engineering design specification = Product design specification 


As the team prepares the EDS, draft sections are circulated among team 
members for review and comment. Frequent discussions may result as team 
members resolve specific issues. A team meeting is often convened to discuss 
its contents. The finished version, however, usually integrates different 
viewpoints into a common understanding of the design problem. In other 
words, the process of writing the EDS establishes a team consensus on the 
important customer and company requirements. 

The engineering design specification provides a convenient mechanism 
to communicate the team’s findings to all stakeholders. In some cases, the 
EDS is presented to upper management in a design review meeting to obtain 
their approval to continue the product development efforts. 


Example 

Smart Kitchens, Inc. makes a variety of kitchen appliances for residential use. 
The company is interested in expanding their product line into electric coffeemakers. 
The typical Smart Kitchens customer wants a coffeemaker that can brew about 8 cups 
of hot, delicious coffee. Company management formed a product development team 
that gathered and interpreted pertinent data. The team then summarized their findings 
in a preliminary engineering design specification, shown in Tables 3.7-3.8 and Figures 

3.8-3.10. 

TABLE 3.7 Example Draft Engineering Design Specification for a Coffeemaker 

Title: New Coffee Maker for Smart Kitchens, Inc., May 2009 
Introduction 

■ Design problem: home kitchen coffeemaker 

■ Intended purpose or use: brew and warm coffee 

Customer Requirements 
Functional performance 

■ Water should be heated to temperatures between 135 and 175 F 

■ Brewing time should be less than 6 minutes 

• Drip brewing method is required rather than percolation 

■ Input electricity must be 110-120 volts AC, less than 400 watts 
Operating environment 

* Residential temperatures 50°-125°F and humidity 10-100 /o 
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TABLE^TContu^ 

Economic jc \\{ e of more th f ” 5 y 

• Should have cCon °"\ tly faC tory servicing 

. Should not require by 10 in. by 10 in. 

Geometric li‘"0 a * l ° nS deplh less the" 15 "'.J 6 . 0Z cup s) of brewed beverage 
. Height, width, and 6J rf48 oz (eight b grounds 

• r °' ro CS “'d accommodate op to 4 cu 

■ Brew chamber s 

Maintenance, repair. «'^ hoM be easy to dean 
. Th e coffeemaker cast g dunng economic 

-irS^Saoc-^r^^unds.supp.yvohage 

■ Will accommodate va 

Safety lectrocute or otherwise endanger user 

■ Will not bum, electrocute 

Pollution 

■ Will not create noise > 

Ease of use oHd/remove grounds and filter paper 

. Simple to fill «' ater - indicator light 

. one switch to |ace in dishwasher 

■ Simple to remove basket an y 

Human factors required to operate 

TBs £=2=r=r 

Company Requirements 

Marketing 

■ Retail price should be less than $30 
Manufacturing 

■ Production run quantity is estimated at about 25,000 units 

■ A beta prototype should be ready for testing in 12 months j ant 

■ Components must be made with injection-molding processes at cu 

Financial 

■ Development costs should be paid back in three years 
Other 

■ Production prototype must be UL-approved 

Appendices 

■ Site visit data 

■ Sales/Marketing data 

■ House of Quality 
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FIGURE 3.8 Customer satisfaction versus brewing time in minutes for example coffeemaker 



7 - 5 8 8.5 


Maximum pot volume (cups) 

FIGURE 3.9 Customer satisfaction versus maximum pot volume (in 6-oz cups) for example 
coffeemaker. F 



135 175 

Temperature (°F) 

FIGURE 3.10 Customer satisfaction versus beverage brewing temperature (in degrees Fahren¬ 
heit) for the example coffeemaker. 
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'tari P38 Customer Import 8 ® ^__ 

Of Importance Wt 


rhn racicriMi^ —- -- 
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Brewing time 
Max. Pot volume 
Beverage temperature 


3.6 


ESTABL.SH.NO CONSENSUS AMONG STAKEHOLDERS 


. .. , outside of the company, including various layers 0 f 

management will be involved in engineer^ design efforts. Most everyone * 

want to contribute insome ^"on, however, each stakeholder must have 

a chaI J ce J° C0 “T t will no t proceed unanimously. Critical individuals 
sZTd b^venie opportunity to express their doubts or objections as 
minority portions. However, to move the project forward, everyone recognb 
es that at some point, command decisions will have to be made. But, by letting 
stakeholders participate in the deliberations, everyone has a chance to be 
heard. 

This chapter has presented a number of activities that provide opportuni¬ 
ties to build consensus including: 

Obtaining a detailed understanding. A product links the customer to the 
product realization process. To fully understand customer and company 
requirements, team members from departments such as sales, marketing, 
engineering, manufacturing, purchasing, and finance need to actively par¬ 
ticipate and communicate. 

Preparing the engineering design specification. This joint activity requires the 
amalgamation of team member findings. As disagreements are disclosed, 
they can be openly and rationally resolved. 

Pr6 eZ\oi a t\nn USe ° f Preparin S the house of quality is a group problem 

tion of the <w CeSS u? diagram helps to structure the team’s interpreta* 
and comnanv 6m ’ ^ homogenizes their knowledge of customer 

workscop^ P oSan4«on^ a ^ a ” "! embers jointly develop a design proj«‘ 
they will gain a common nnH ’ udget ’ responsibilities table, and schedu 
how they will get there Tht> derstandln 8 of where the project is headed and 

Se as Peets are presented in Chapter 14. 
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The secret to a successful solution is a sound formulation. 


3.7 SUMMARY 

> The first step in design problem formulation is to obtain a detailed under¬ 
standing of the problem, including customer and company requirements, 
importance weights, engineering characteristics, constraints, and customer 
satisfaction. 

> Engineering characteristics are used to quantify how well an existing 
product, or future product design, fulfills a given customer or company 
requirement. 

> Customer satisfaction curves illustrate the acceptable upper and lower 
limits of an engineering characteristic and the incremental satisfaction for 
a given change in performance. 

> A variety of sources are used to gain a better understanding of the prob¬ 
lem including: surveys, market studies, literature, focus groups, observa¬ 
tion studies, and benchmark studies. 

> The engineering design specification summarizes critical product design 
requirements. 

> The house of quality for product planning is a systematic and graphic rep¬ 
resentation of product design information organized as a matrix of rooms, 
roof, and basement. 

> Quality function deployment is a method that utilizes houses of quality to 
systematically deploy the “voice of the customer” throughout the whole 
company. 

> Team member consensus can be developed using the concurrent engi¬ 
neering approach while preparing a HoQ for product planning and sub¬ 
sequent EDS. 

^ Careful problem formulation leads to successful problem solution. 
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CHAPTER 4 

Concept Design 


LEARNING objectives 

When you have completed this chapter you will be able to 

> Describe design concepts as abstract embodiments of physical principles, 
materials, and geometry 

> Clarify the functional requirements of a design 

> Explain and use activity analysis 

> Describe and apply function decomposition diagrams 

> Systematically generate alternative design concepts 

> Analyze concepts for feasibility and/or preliminary performance 

> Evaluate concepts using Pugh’s methods and the weighted-rating method 

> Describe and select various approaches to protect intellectual property 

4.1 INTRODUCTION 

Concept design is a phase of design when alternative design concepts are 
generated, evaluated, and selected for further development. But what is a design 
“concept?” What differentiates one concept from another? A non-engineer 
would likely define a concept as an idea or thought. A design concept is not the 
same thing. As engineers, we need to be more specific in our use of the term. 

Let’s examine the two examples below to get a better understanding. 

First, consider the desired function of stopping a spinning shaft. Three 
alternative concepts might include a fan brake, a regenerative brake, and a 
disk brake, as shown in Table 4.1. A fan brake would use aerodynamic/fluid 
forces. A regenerative brake would use interacting electromagnetic fields. And 
a disk brake would use surface friction. Each concept uses a different physica 
principle to achieve the stopping action. The concepts differ in geometric an 

material aspects also. f 

Second, consider the required function to fasten sheets of paper. ew 
alternative concepts are shown in Table 4.2. A paper clip is a loop of solid, 
elastic material that when separated causes a clamping force. The paper clip is 
an embodiment that behaves according to the “spring force p ysica pnncip e 
described by Hooke’s law. 

71 
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TABLE 4.1 Alternative Concepts for Slowing and Stopping a 
Spinnine Shaft --- 

Alternative 

Physical principle 

Abstract embodiment 

1 

fluid viscosity 

fan blade on shaft 

2 

magnetic field 

re-generative brake 

3 

surface friction 

disk and caliper brake 


TABLE 4.2 

Alternative Concepts for Fastening Sheets of Paper 

Alternative 

Physical principle 

Abstract embodiment 

1 

spring force 

paperclip 

2 

bent clamp 

staple 

3 

bendable clamp 

cotter pin 

4 

adhesion 

glue 


As we can readily generalize from the two examples, a design concept is 
an alternative that includes both physical principles and abstract embodiments. 
But there is more. Design concepts exhibit a number of similarities: 

1. concepts work by some physical principle, phenomenon, or principle, 

2. physical principles act on some surface or location, 

3. concepts exhibit geometric properties, or shapes, 

4. concepts are deliberately abstract, 

5. concepts imply relative motion of surfaces, or objects, and 

6. concepts suggest general material types. 

We define a physical principle as the means by which some effect is 
caused, or produced. Physical principles are often described by analytical or 
empmcal r ^*“"ships that couple the causes and effects, such as Hooke’s law 

given in Table 4.3. ‘° n ’ A llS ‘ ° f SOme physical Principles is 

The physical principle acts on a working material u a , . , . . 

has mechanical, physical, and chemical propertL It m Jk r'^. f 

gas, having inherent mechanical properties ^h t h / be 3 SoIld ’ hquld ’ OT 
cien. of friction, modulus of elasticity'and yield strength ’ CtiH,y ' C ° effi ' 

ihe physical principle acts on the wnrlrin« „ 6 \ 
faces and motions. A brake disk (rotor) for eJmnle° n cora P osed ot sur ’ 
Physical principles can act at a point line P ’ , 3 flat ’ circular surface, 
pressure acts on surface area and gmlity ^ " ™ Ume - , F ° r example, ait 

Motions can be rotational, translational, o^ nonmovinp m*, Ume °' e ' m3SS) ‘ 
with time and magnitude. The successful Motions can also vary 

on a working geometry in a of a Physical principle 

pnnciple (Pahl and Beitz, 1996). The phrase « S b ^ n defined as a working 
used in the European design community Work »ng principle” is widely 
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TABLE 4.3 Representative Physical Principles 


Conservation of energy 

Archimedes’ principle 

Ohm’s law 

Conservation of mass 

Bernoulli’s law 

Ampere’s law 

Conservation of momentum 

Boyle’s law 

Coulomb’s laws of electricity 


Diffusion law 

Gauss’ law 

Newton’s laws of motion 

Doppler effect 

Hall effect 

Newton’s law of gravitation 

Joulc-Thompson effect 

Photoelectric effect 


Pascal’s principle 

Photovoltaic effect 

Coriolis effect 

Siphon effect 

Piezoelectric effect 

Coulomb friction 

Thermal expansion effect 


Euler’s buckling law 


Heat conduction 

Hooke’s law 

Newton’s law of viscosity 

Heat convection 

Poisson effect/ratio 

Newton’s law of cooling 

Heat radiation 



Example 


Prepare a sketch of a disc brake concept. Show the disc (rotor) and label the 
physical principle, working geometry, motion, and material. 

When we step on a brake pedal it pushes a rod that compresses hydraulic fluid in 
the master cylinder. The fluid pressure, approximating 1,000 psi, is transmitted to the 
brake’s caliper piston causing it to expand. The piston forces the brake pads to clamp 
an annular portion of the rotor surface, causing the frictional braking force. 

The solid disc rotates as shown in Figure 4.1 The friction force, Ff, acts on the pla¬ 
nar surface that is perpendicular to the axis of rotation. 



Motion 

(rotation) 

Working 
geometry 

X 


Surface 
(planar disc) 


material 

(solid) 


Principle - friction force 
(caused by caliper clamping force) 


FIGURE 4.1 The disc-brake concept is the abstract embodiment of a physical principle (friction 
force) acting on the working geometry (rotating planar disc) of a material (solid). Note that at this 
phase we do not specify precise shapes or sizes. 
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In concept design we deliberately delay making decisions about specify 
shapes, configurations, sizes, materials, or manufacturing processes. We do not 
determine any sizes or configurations. We allow the concept to be an abstract 
embodiment. For example, we do not select a rotor diameter or a pad thick, 
ness for the disk brake; and we do not determine any configuration details for 
the paper clip such as spiral or circular. In other words, an abstract embodi. 
ment will allow us the freedom to generate many alternative configurations, 
which will be analyzed and evaluated in the configuration design phase, 
discussed later in the text. 

To generate different “concepts” we need only change physical principle, 
material or geometry. For example, a different friction brake concept design 
could be generated by changing the working geometry to a “drum.” Drum 
brakes have been in use ever since the horse-drawn wagon. If we are syste¬ 
matic, we can explore different principles, materials and geometry and perhaps 
synthesize a variety of innovative concept designs. 

The concept design phase begins with a review of the engineering design 
specifications and related documents, and concludes with one or more con¬ 
cepts to be developed further, as shown in Figure 4.2. During concept design 
we participate in a number of decision-making activities. We clarify functional 
requirements, generate alternative concepts, and analyze the concepts to 
determine if they are feasible. We reject infeasible concepts and iterate. Then, 
we evaluate the feasible concepts to select the best ones for further develop¬ 
ment. We examine each of these activities in the remaining sections of this 
chapter. 

( ----- 

A design concept is an abstract embodiment of ] 

physical principle, material, and geometry. 

---—---_J 


4.2 CLARIFYING FUNCTIONAL REQUIREMENTS 

tomerTnd^omnan 68 ^ 11 s ? ec ^ cadon usually provide information on cus 

4.2.1 Activity Analysis 

retire the produetc^tomef activitv ra? W ^ CUS,omer wU1 use and ultimate! 

Let’s examine the custom^ r® 0 " 65 ^ Sh ° Wn in Table 4A 
rechargeable electric shaver, shown fa S ^ ss ° clated wi th using and retiring 
daily-use pattern, activities 7-15 R„ t ? 6 often consider just th< 

be considered, as well as the setup activities ^!^ ance act »vities 16-18 must als< 
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FIGURE 4.2 Decision-making processes and activities during concept design follow the basic 
sequence of formulate, generate, analyze and evaluate. Note that to be feasible, a candidate 
concept design should be likely to satisfy “must” customer and company requirements. 


Wc readily see that an activity analysis helps us to understand all the re¬ 
quired functions, not just those during daily use. We also learn how the 
product interacts with the user and the environment. In this case, the shaver is 
recharged and stored in a drawer. In essence, the activities help resolve 
customer requirements, or subfunctions that the product must perform in the 
final design. 
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Engineering Design 



Use 


Retire 


set up 
operate 
maintain 
repair 
take down 

disassemble 

recycle 

dispose 



Use Setup 


Operate 


Maintain 


Repair 
Retire Dispose 


1. open package . 

2. examine shaver, cord, travel case, and cleaning brush, 

3. read instruction booklet 

4. fill out warranty card 

5. plug in shaver to charge batteries 

6. put shaver, case, cord, brush in bathroom cabinet drawer 

7. remove charged shaver from drawer 

8. trim hair 

9. shave face or legs 

10. remove cutter blade cover 

11. brush cutter blade 

12. replace cover 

13. repeat step 5. 

14. store shaver in drawer 

15. repeat steps 7-14 until blades need replacing 

16. remove cutter blade cover 

17. blow out particles 

18. replace cutter cover 

19. install new cutter blade and screen 

20. install new rechargeable batteries 

21. throw out shaver and auxiliaries 
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FIGURE 4.3 Component decomposition diagram of a coffee maker. 

maker product component decomposition diagrams were presented in Chapter 
2. An additional example, that of a coffee maker, is shown in Figure 4.3. 

Component decomposition diagrams illustrate the hierarchical structure 
of component forms, not functions. As we subdivide individual subassemblies 
into their constituent components, however, we can obtain a better overall un¬ 
derstanding of how individual components interact with each other and ulti¬ 
mately contribute to the overall product function. 


4.2.3 Product Function Decomposition 

Function decomposition subdivides the major functional requirement into its 
respective subfunctions and sub-subfunctions. The function decomposition 
diagram is a hierarchical structure of functions, not forms. The diagrams help 
us to identify whether functions are connected, and where the interface 
connections might be. For example, let’s examine a function decomposition 
diagram of a coffee maker, as shown in Figure 4.4. 



FIGURE 4.4 Function decomposition diagram of a coffee maker. 
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|DeSl9 " „ „ vera ll product function, such as make c, 

The fi«t 

“^eiectndty ™ subfunc tions and understand the ^ 
dtrnigen^cnergy^eterial^and sighufi^ ^ us a te what ^ 

Function dccomposd.on * g done (form) . La ter, when we i„ Ves * 

needs to do (function) versus ho a|ternati ve forms to meet the de sirC(1 

gate alternative concepts «e w w warm the pot by hot-atr convey 

functions. For example, we c ^ ^ Qr we couId bo ,l the water in the p„^ 
then pump it into a brewing ehamber ^ and act on ob j ects or ewiti 

Functions are usually expresse ^ some yerb nQun pairs ^ £ 

coffee^warm coffeepot, store water, and convert eiectricity. A number of „, het 

fUnCt "o|e V c e tsc n aIb b e' e cttified into energy material, and signal catego. 
ties. When preparing a function decompos.fon diagram we should careful!, 
consider how energy, material, and signals are changed or acted on by the 

i i _ a _*~ rckciiltmnr in nrvt limtar m • 


TABLE 4.6 Fundamental Functions 


amplify 

change 

channel 

collect 

conduct 

control 

convert 

cool 

decrease 


dissipate 

fasten 

heat 

hold 

increase 

join 

lift 

lower 

move 


protect 

release 

rotate 

separate 

store 

supply 

support 

transform 

translate 



F ' GURE «Fu„ ction 


1 8es the 


state of 


en Cr gy i 


Material, and information. 
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Upon examining the completed function decomposition diagram, the 
team members may find that they can remove, combine and/or reorganize 
some sub-functions. For example, they may decide not to warm the pot, that is, 
remove the subfunction. Other functions might be combined, such as store 
coffee grounds and brew coffee, as in a basket. During the process of remov¬ 
ing, combining, or reorganizing subfunctions, we will likely produce more 
diagrams. But that is all right. Our goal is to understand the desired product 
function as best we can. 

Detailed function structure diagrams can be created by combining 
changes in energy, materials, and signals with function decomposition and 
activity analysis. For further information on function structure diagrams see 
Hundal (1997), Otto and Wood (2001), and Ullman (1997). 


4.3 GENERATING ALTERNATIVE CONCEPTS 


To be selective, we need a selection. In other words, if we are to select the best 
concepts for further development, we need to systematically generate a lot of 
alternatives. We will be looking for concepts that will potentially satisfy the 
product subfunctions. Alternative concepts will differ primarily in physical 
principle, working geometry or material. Note that the process of generating 
alternatives is sometimes called synthesis. Along the way we will investigate 
archives, talk to people, connect to the Internet, and use creative methods. 


Archives. University, public, and corporate libraries should be first on the 
list of places to look for alternative concepts. In addition to design cata¬ 
logs, reference handbooks, encyclopedias, and specialized monographs, 
libraries also maintain collections of periodicals, including technical jour¬ 
nals and trade magazines. Some companies also maintain file cabinets 
full of current and past design information. While most archives are pa¬ 
per-based, other media used include microfiche, microfilm, and comput¬ 
er-based or electronic databases. A systematic search of these sources 


should trigger a number of alternative concepts. 

People. Starting with our co-workers, we can confer, one on one, with 
people knowledgeable in the field. We might also contact our local uni¬ 
versity engineering professors. Then, current vendor representatives and 
professional society acquaintances should be contacted. Finally, we 
might hire a consultant. 

Internet. The Internet should also be searched including, the U.S. Patent 
Office, Thomas’ On-Line Register, vendor Web site catalogs, profes¬ 
sional societies, and trade organizations. 

Existing Products. If available, competitive products can be purchased and 
dissected. Although patents may protect the product, the examina 10 
often reveals opportunities for new designs. 

By researching archives, people, and the Internet, we will find® 
ternative concepts that have fulfilled previously defined subfunction require- 
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cautions however, we might consider 

ments. When we are looking for new 

the following innovative methods: up method that takes ad- 

Brainstorming. Brainstorming is an 1 era . anc j personalities to 

vantage oHeam members’ b gathered in a roo m 

generate innovative ideas. A g P i After having the “problem” 
with an easel or blackboard transcribed to the e a . 

presented, participants suggess tidepermitted. Wild and 
sel or board. No cn.tctsm on ,h e board, act to sti- 

crazy ideas are cncouragcd The id ^ ideas ^ 

mulate participants. Ideas are transcribed unu. 
lated. A variant brainstorming uses 3-by-5 car s P j. 

participant is asked to write down three ideas. The cards are collected 
and anonymously transcribed to a large whiteboard for everyone to see. 
After everyone has had a chance to read through the whole list, each 
member fills out another 3-by-5 card, building on the first set of alterna¬ 
tives. Again, no criticism of ideas is permitted. The cards are again col¬ 
lected, and information transcribed to the larger board. The cycle can be 
repeated until no more new alternatives are generated. Verbal brains¬ 
torming, without cards, is not as good because some members may do¬ 
minate discussion or telegraph criticism, which can quash creative think¬ 
ing. In addition the 3-by5 cards can become a permanent record of the 
meeting. 

Method 6-3-5. Method 6-3-5 is a refinement of the brainstorming method, 

and was developed by Rohrbach (1969). A group of six members gather. 

Each member writes down three ideas on a sheet of paper. Each sheet of 

paper is circulated to a neighbor. After reading the ideas, the neighbor 

writes down three more ideas. The sheets of paper are circulated five 

times. Variants of this method use different team sizes and number of 
circulations. 

Synecttcs. Synecttcs is a method that requires the problem solver to view the 
Sion (Gordon ?, nalogy ’ fantas y. empathy, and inver- 

an analogy stimulates idea crea“ free^n a T** ^ l0 ° king fOT 
piping network as an analogy to an electrical ° 8y l ° 3 StrUCtUre; 3 
asks us to imagine the impossible- for lamnb! Wmn8 netWOrk ’ Fan,as > 
to commute to work. Empathy asks us P ’ usln 8 an antigravity belt 
how we would perform each function fc."”? 8 " 16 being a P roduct ’ and 
verted ’ or reverse point of view insiH erS, ° n 3SkS V s to take an “ in ‘ 
w ite, quiet versus noisy, and so on' 6 versus outs >de, black versus 

Checklists. Companies and individuals ha 
late creative thinking. For example Osh Pre ? ared checklists that stimu- 

.«(1*7) proper, dl « 1B 

example. kllst lo discuss alternative R ^ vc . rse? Tl >e design 

"alive physical principles, for 
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4.4 DEVELOPING PRODUCT CONCEPTS 

During concept design we attempt to generate alternative concepts for each 
subfunction. A product concept variant, on the other hand, is a development 
or combination of specific concepts. For example, let’s assume that foT an 
arbitrary product we generate two concepts for subfunction SF, and three con- 
cepts for subfunction SF 2 . We could designate the alternative concepts as C 
where, represents the subfunction and j represents the alternative concept, rl 
suiting in SF„ |C,„ C, 2 ) and SF 2 : (C 2 „ C n , C 23 ). The following six product 
concept variants are numerically possible:(l) C„ C, (2\ r r rx\ r 
C,; (4) C 1? , C 2i; (5) C 12 , C 22 ; (6) C 12 , C*. K) C * (3) C «* 

Sometimes, the combinations are not compatible or realizable in which 
case that product concept variant would be eliminated from further considera¬ 
tion. In other cases we may find that a concept can perform or share two func¬ 
tions, like the screwdriver. It can push and turn. 

We can list the subfunctions in a column of a matrix, and the alternative 
concepts for each function in adjacent rows, as shown in Table 4.7. This ap¬ 
proach is called a morphological matrix. To stimulate alternative combina¬ 
tions, the design team selects one concept from any column, for each function, 
proceeding down the matrix. The total number of theoretically possible 
combinations is equal to the product of the number of concepts for each 
subfunction. In our example we have 2 x 3, or 6 combinations. 


TABLE 4.7 

Morphological Matrix 





Alternative Concepts 




1 

2 

3 

N 

G 

SFj 

C n 

C n 

O 3 

c in 

O 

+3 

o 

sf 2 

Qi 

C 22 

Q 23 

C^JX 

a 

a 

S3 

CO 

sf 3 

Qi 

0)2 

C33 

Cin 


SF m 

Qii 

C m 2 

C m 3 

c mn 
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Table 4.8 Morphological matrix for mini-bike subfunctions 




Alternative Concepts 




1 

2 

3 " 

c 

Transmit 

Chain 

Belt 

Gearbox 

o 

'S 

Brake 

Disc 

Drum 


c 

£ 

Steer 

Handlebar 

Control stick 

Ry-by- wire 


Combining three alternatives for subfunction 1, two alternatives for subfun^ 

2, and three alternatives for subfunction 3, we have 3(2)3 = 18 possible combinatiQ 011 
By systematically indexing row and column subscripts we can produce all 18 corribin^ 
tions, as follows: 


Cl2> ^21 » ^31* 

C13, C 2 \ , c 31 . 

^21 > ^32 * 

C13, c 21 , c 32 , 

C\2* ^21 > ^33 » 

C13* ^21 * C33 , 

^12» ^22 ’ ^31* 

C13, c 22 , c 31 , 

Cl 2 * ^22 9 C32 9 

Cj3, c 22 , c 32 , 

Q2, C 2 2 , C33 , 

C13, C 22 , C 33 


C„, c 21 , c 31 , 

C)], C 21 , c 32 , 

C,„ C 21 , c 33 , 

Ql> ^22 » C 3 1, 

C]j, C 22 , C 32 , 

Ql» ^22 > ^33 

Each of the 18 combinations is shown in Table 4.9.The 18 alternatives are then 
analyzed and evaluated to select the better ones for further development. 


TABLE 4.9 Alternative Designs Created by Systematically 
indexing the Rows and Columns of the Morphological Matrix 
in Table 4.7 


Subfunction 


Alternative 

Transmit 

Brake 

Steer 

1 

Chain 

Disc 

Handlebar 

2 

Chain 

Disc 

Control stick 

3 

Chain 

Disc 

Fly-by-wire 

4 

Chain 

Drum 

Handlebar 

5 

Chain 

Drum 

Control stick 

6 

Chain 

Drum 

Fly-by-wire 

7 

Belt 

Disc 

Handlebar 

8 

Belt 

Disc 

Control stick 

9 

Belt 

Disc 

Fly-by-wire 

10 

Belt 

Drum 

Handlebar 

11 

Belt 

Drum 

Control stick 

12 

Belt 

Drum 

Fly-by-wire 

13 

Gearbox 

Disc 

Handlebar 

14 

Gearbox 

Disc 

Control stick 

15 

Gearbox 

Disc 

Fly-by-wire 

16 

Gearbox 

Drum 

Handlebar 

17 

Gearbox 

Drum 

Control stick 

18 

Gearbox 

Drum 

Fly-by-wire 
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For complicated products the tm i 

be large. If a subfunction is indepcnie™?^ of 1 J'* ible combinations can 

from the matrix and considered separately F o r “ C ^' “ Can bc '»minoted 

an automobile has little or no conneedon fn ,. '’ ' lhc "f radio i„ 

train. nncc,,on *° concept alternatives for drive 


4.5 ANALYZING ALTERNATIVE CONCEPTS 

Not every alternative that we generate will f 

should screen out, or eliminate, those that arenotT “ manutaclu rablc. We 
During the concept desien nh^ i , e ' 
about sizes, configurations, material nrnnf»rt° ” 0t haVC Specific information 
Each concept variant is ehameS onW T' " ma " UfaC,Urin S P r °“***- 
physical principle, geometry and material y y a " abstract embodiments of 

andfoS^ 

sumptions and calculate a few performance estimates’ bTsed ""simple lawsrf 
mot,on heat transfer, solid mechanics, and/or thermodynamfes. ^ 
back-of-the-envelope calculations can rule out “impossible" ideas. We can 
perform benchtop expenments to see whether a physical principle will work in 
a specific application. We can confer with manufacturing personnel to confirm 
the manufacturability of a concept. And we can investigate whether a sup- 
porting technology is ready for the production line or should stay in R&D. 

The screening criteria should focus on functionality and manufacturabil¬ 
ity, and should include: 


1. Will the concept likely function? 

2. Will the concept likely meet the customer’s minimum performance re¬ 
quirements? (These are the “musts,” not the “shoulds.”) 

3. Will the concept likely survive the operating environment? 

4. Will the concept likely satisfy other critical customer requirements? 

5. Will the concept be manufacturable? 

6. Will the concept likely satisfy financial and or marketing requirements? 


During the analyzing and screening process, we will usually find concept 
variants that should be eliminated. Or, on the other hand, upon reexamina¬ 
tion, some of those to be eliminated might be reconceived, to remove their 
deficiency. This is an option only if time and resources permit. 


.6 EVALUATING ALTERNATIVE CONCEPTS 

Assuming that we have screened out those candidates that were not 
•r manufacturable, those remaining can be evaluated to e ermine 

hould be developed further. . th j „ n( i 

Two methods commonly used are Pugh's concept selectton method and 

he weighted-rating method. 
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5.4 MATERIAL CLASSES 

The periodic table lists 103 elements. However, a large number of materials 
are possible when these are combined in various proportions as compounds. 
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FIGURE 5.4 Material families, subfamilies, and classes 
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Either approach will lead to the same subset of material classes and com¬ 
patible manufacturing process since we are doing successive eliminations or 
screenings based on the same criteria. Table 5.4 lists the pertinent information 
considered for each approach. We will examine manufacturing processes in 
the next chapter. 
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A material index M, for the inexpensive column can be defined as 

M, = I / f 3 = E‘ a / C^> 



ST 


o 
* 


o 


o 

l§ 

g* s § 

^ O) 

— ^ CL 

C/5 O 

w» 2. o 

pr* 3 

3 3 ET 


I s 

o p- 

C/5 £3 


£=i. o 


C 3 21 

& 2 g 
3* 

63 ~ 


&B 


CTQ 

o o ir 

g. S ft 

o ? 

'P„ CD 


3 


3 




CL ffl 

ca p 

3* 


n 

ii 

£ 

S' 


U\ 

to 


3 ^ 

2. o 
CTQ - 

S' 2. 

on 

O 

Si. 

$ i: 

§ 8 

K* § 
e» B 
£f» o 
£ o 


O 

II 


a° S' 

3 


^ 3* 

- O 

g 3 
rH « 

CTQ -• 
<—■ (TO 

S3* ET 

g ^ 
?* S 

CL CL 

s ° 

ss. s 

o> 

«-t 

*5 r- 


m 

x 

&> 

3 

■u 


C/5 

o 

* 


o s- £ 2 - 


3 

CL 


0)0 5L 


c 

T3 

X3 

O 


£ 

cf 


CTQ < 

gl 

1 3 
S. 3- 

O CD 
"3 -o 

B? o 
3 a, 

3 ° 

o 3 

2 § 

“ 8 
cv n 
p 3 * 
g.g. 

^ o 

§r^ 

n> 3 

3 s- _ 
% c 3 
s-§ ^ 
? ? 5 


o o 

2 c 
a g 

o' £ 


o 

►Q 


o 

3 

o 

a 


S* 

o 


!r*> 


o o 
a* SL 

B. -i 
a JL 

O 03 
CL L* 

5- § 


O 

o' 

•-» 

3 


^3 

'A 



a a* p cr •> o 

« P H 3 5) ^ 

^ C3 3 3 — 

S 3 O' 3 & “ 
•a. n 3 ^ E. 
- " ? &sC^ 

■a o. <» era '§2* 

0 -. O ^ VO 2 . 

p 3 3 ^ y -i 

c/T -i 3 ^ 
5/3 3 o 2 o 
oo p sr _ 

. o cl B 3 — • 

* o o ° “a < 

3 O CL O 3 ° 

^ c o 53 1/1 o 

'C 3 _ 3-TO n, 

• p = o 3 q O 

—* O o "*» -3 
a O' O 7T O 3 
— . C c« O ^3 3 

'I l|| "I 

, B CR 3 “5 “* S 

O 3 2 £. P- 

§• H I =•■ 2 w 

T3 S = <« 8 3 

3-0 « i s- s 

•3 5 p “ 

a O = 


« 2 - 


= 3 

3 CTQ 


O 
71 

8 8 f a | 8 

O V5 “• —• V5 

^2 c 0 - 5 £ 

O "P H.X s 

^85 Q.^ 


CTQ *3 -3 E. =3 33 

r; ^ V! 0 

5 ^ S 3 ® ^ 

cr. £ p E S; t 


O 

3 - 

3 

T3 


cn 

o 

o 

o 


0 

3. 

3 


o 

U1 


Scanned by CamScanner 








Materials that have higher M 2 index would be stronger and less costly. Therefore, 
we see that material A is about 3 times more efficient than material B. 
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Example 

Develop a material index for a low-cost bar in tension. 







Youngs Modulus E (GPa) 
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Chapter 14 Projects, Teamwork and Ethics 


j Q 

plannins a Pf . phase, tcam members prepare a package of 

l4 ' ing the P r °) eC, ;P rt ?he pf«i cc ' P lan Thc omoun, ° f eff ° r ‘ , " r 
P “ collectively called'‘f D f a n usually depends on the extent and type ot 

t eyi‘ e,n H n"paring a * require hundreds or thousands ot man-hour, 

SlV" d 0 £e design P/"^ so lve such as designing a hydrodeetnc 
£***£». Mother hand! a simple selection design proton that ,s 
Ld tak . _ nt On the ot would hardly require a project plan, 

eowet P " ta ke three n»an;hou management is that those who will 

usually much time and/or other resources may be need . 

P AP ^b.em Statement 


1 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 
9. 


Problem statement 
Mission statement 

Project objectives 
Work breakdown structure 

Scope of work (work scope) 

Responsibilities table 

Organization chart 
Budget 
Schedule 

10. Risk assessment & sentence or two de- 

1 problem Statement. A P rob ^ ^ ta d ked end state is, c. what currently 
ng a what the problem ts, b ^'f^chieved the desired outcome, 
rfts it, and d. how we know when we have ^ ^ wo or * 

2. Mission Statement. A mlss '° ‘ d for whom, and how we wt g 
nces that states what we are going to a , 

t doing it. . r . tan d the amount of work in a 

3. Project Objectives. •* specific outcomes 

ct we need to develop P r °j . t f or example, we expec 

we expect to produce. In a design P ’ roduc tion drawings, pro yp 
a package of “deliverables, including P ^ spec ifications, and pe 
eports, bills of materials, manufacturm should be specific as to quan 
ance simulation reports. Project^ ou . t hat they consider a 

d quality. Also, outcomes should be realist* pro ject objectives is 

me, personnel, and equipment. An exampleo^ ^ £ nmg S pe- 

n in Table 14.1. By detailing P r °J ec . i hoW » The “how” is determ 

“whats” that will be completed, not th 
> the work tasks are detailed, as discussed later. 
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Example 

Bob Bear, Inc. successfully produces a garden tractor, selling about 50.00o tra „ 
tors per year. However, the company docs not make a snow b ower attachment f or .' 
Recognizing that the company has underutilized manufacturing capacity, i, w ould «■ 
to develop manufacture, and sell an attachment that would make better use ot * 
factory and enhance company profits. Write a problem statement and mis sion ^ 
ment for a design project to remedy this situation 


Problem Statement 

Bob Bear, Inc. does not make a snow blower attachment for its 
garden tractor product. A project is needed to design, prototype, and test 
a new snow blower attachment that is easy to use, safe, and cost-effective. 


Mission Statement 

The project team will design, prototype, and test a new snow blow¬ 
er attachment for its existing tractor line. The team will formulate cus¬ 
tomer and company requirements, develop alternative snow blower con¬ 
cepts, configure snow blower attachments alternatives, establish feasible 
design variable values, prototype components, and test the final prepro¬ 
duction assembly. 
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Chapter 14 Projects, Teamwork and Ethics 

cmcture. A work breakdown slruclurc (WBS) is n 
„, e akd« wn r" ,he major work tasks to be completed during a 

. W» rK ® ha t illustrates tn The primary work , ask categories 

g graph' cal ° h subordinate tasks underneath each major task. 

<t. 1' lS t the top a" overvieW ° f " ,e W0 '' k l ° COmplC ' Cd - A " 

r ho vVn a the reade © 

S |an fown in Fi 8 ure _ f work is a written detailed list of tasks to be 
|a ,iiiP |e lS . of Work. A se ] eve | \ task is subdivided into level 2 tasks. 

* 5- during l" e P?f and level 4 task descriptions can be used. Altcrna- 

^P 1616 „roj^ s - ' eve 3 a " d into narrative sentences and paragraphs. Dch- 
S can be expanded ^ (est reportSj physica , prototypes, and 

.jvely- s . such as P r 8 nt j one d, in addition to the task description. 
ver« ble ' programs, are a tunity to jointly develop the work scope and 

^essfal earnS Tresolv^potential misunderstandings before the project 
** clarify and res P^ ... $hown jn Xable 14 . 2 . 

Tins- An exafflP S . • Table The individuals responsible for each task, as 

6. Be s P° nsib ' ’ ,f be assisting, are listed in a project responsibilities table. 

,1 as others who wi ,. R » next to their work time estimate. The tab 

: members and those that assist. An examp.e 

helps to c « or f" ble is given in Table 14.3. 

responsibdittes table g anizat ion chart includes the name and 

7 . Organixahon Chart. A 8 to facilita te communications 

LtunTabimy An example chart for a concurrent engmeermg 
design team is shown in Figure 14.3. 


Widget 

design 
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TABLE 14.2 Example Scope of Work for Section 1 


1.0 Design problem formulation 

1.1 Visit site 

Meet with management/clients to discuss design problem 

1.2 Contact consumers 

Make phone calls to determine pros and cons of current unit 
Set an appointment time to witness existing product in operation 

1.3 Conduct benchmarking 

Research existing products that are currently available 

Contact manufacturers and request brochures 

Analyze the competition for functionality and performance 

1.4 Complete QFD/HOQ 

Determine requirements, engineering characteristics 

1.5 Determine parameters 

Define problem definition parameters, design variables 
Define solution evaluation parameters/performance parameters 

1.6 Estimate satisfaction levels 

Estimate satisfaction levels for performance parameter 

1.7 Prepare engineering design specifications 
List in-use purposes for the product 

List customer and company requirements 

1.8 Finalize scope of work 

Refine work breakdown structure 

1.9 Determine schedule 

Assign a time value to each task 
Prepare Gantt chart 

1.10 Prepare budget 

Determine total number of engineering hours 
Determine total number of expert faculty hours 
Sum all hours and material cost 

1.11 Prepare for and conduct design review meeting with management 



Project Name: Widget Design 


Date: 7/11/04 


1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 


Task_Smith Johnson 

LI 6 R 1 


6 

3 
1 
2 

4 
3 
2 


1 

3 

2 

1 

1 

2 

1 


1 

R 2 
3 

2 R 

1 

2 R 

2 


Tully 


Hughs 


2 

3 

6 

2 


n-th Person Hours 


2 

3 
6 

4 

5 
2 
3 


12 

14 


R 18 


3 R 

2 

5 R 




11 

14 

11 

13 


U 

m-th task 

Total hours 21 11 

R - Responsible engineer in-charge 


11 


13 


23 


25 


93 
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FIGURE 14.3 Example organization chart for design project illustrating the key project person¬ 
nel. Some charts show other stakeholders, such as management or client personnel. 


8. Budget. The planning for each work task is assigned to one or more in¬ 
dividuals. They, in turn, estimate the man-hours, and other resources, neces¬ 
sary to complete the assigned task and are summarized in the project budget. 
An example budget is shown in Table 14.4. 


TABLE 74.4 Example Project Budget Listing Major Work Tasks. Time, and Expenses Required to 
Complete the Project Tasks 

Project Name: Snow Blower Attachment Design Date: 2/7/04 


Project Budget 


Task 

Description 

Sr. Engineers 

Admin. 

Hours 

S 

1.0 

Design Problem Formulation 

91 

2 

93 

1900 

2.0 

Conceptual Design 

96 

6 

102 

2160 

3.0 

Configuration Design 

97 

8 

105 

2260 

4.0 

Parametric Design 

160 

9 

169 

3560 

5.0 

Detail Design 

202 

10 

212 

4440 


Total Hours 

646 

35 

681 



Rate: S'Hour 

20 

40 




Total Labor Cost 

$ 12.920 

$1,400 


. $ 14,320 


Malcrials/Supplies 




$200 



Total Costs: 


$ 14,520.00 
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Sales 

marketing 
gob Johnson 


Industrial 
design 
Stan Hilly 



Manufacturing 

& industrial 
engineering 
Sue Grant 


,r,lRE 14-3 Example organization chart for design project illustrating the key 
III Some charts show other stakeholders, such as management or client personnel. 


project person- 


8. Budget. The planning for each work task is assigned to one or more in¬ 
dividuals. They, in turn, estimate the man-hours, and other resources, neces¬ 
sary to complete the assigned task and are summarized in the project budget 
An example budget is shown in Table 14.4. 


TABLE 14.4 Example Project Budget Listing Major Work Tasks, Time, and Expenses Required to 

Complete the Project Tasks 


Project Name: Snow Blower Attachment Design 


Date: 2/7/04 


Project Budget 
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FIGURE 14.4 


Example project schedule showing a port.on of a pr j 


The major drawback of ,he defemtae what effect a delay 

“« succeeding tasks and the overall project com- 

P ' eti An d advanced method, called activity network diagramming, overcomes 
Gantt Chart drawbacks. Project activities are connected by arrows i lustra tag 
the network of dependencies. Combinations of parallel and sequential actm- 
ties are thereby effectively managed. A critical path through the network can 
be also identified using some simple rules and basic arithmetic. The critical 
path determines the shortest time to complete the whole network of activities. 
The program evaluation and review technique (PERT) is an extension of the 
critical path method and uses quantitative measures to enhance project sche¬ 
duling. Activity network diagramming is beyond the scope of this book. More 
information on this method and other aspects of project management can be 
found in Badiru and Pulat (1995) and Stub et al. (1994). 

10. Risk Assessment. The last section of a project plan involves an assess¬ 
ment of the likely risks that face the project and possible contingency plans to 
overcome such situations. We call this activity risk assessment. First, we deter¬ 
mine what risks might exist. Two questions that we might ask are “What is 
likely to go wrong with the project?” and “What could prevent us from 
achieving our objectives?” Construction projects, for example face considera- 
ble risks, such as building-permit-approval delays, inclement weather, con- 

risks suchat th* 3 * e .\ very , deIays ’ and worker strikes. Design projects face 

computer softwL^ dete wth fabdcm k " e “ ° f ^ personnel> gHtcheS W * j 

y abncating prototypes, testing accidents, and 
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Chapter 14 Projects, Teamwork and Ethics 


t1f i aspect of the risk assessment is to consider 
, lays- The secc plans . Rccogn izing key risks in a 
ao te /variety of ® . fallback plans is just smart business. 


,-iaVS- AI,W c contingency plans. . 

d u ° te d d / variet f °f ready fallback plans is just smart business. 

a C ° UP ° d map of what the team should be working on, 

iH c t , t plan is a r , tec j and how much time and resources to dc 
-16 -oject p . s c omplet * -«»i m nres that may be under or 




ct afld • rt pl an is 3 f ° nieted, and how much time and resources to c 
* ' fh e P r °i e ha ve tasks c ° m P, an ^ based on estimates that may be under 
•tsfr oU t pt\ thoug* 1 the p ‘ c j iec j u ie, the plan helps the team to keep 
^0^"' or ahead or beh>" has n0 idea if it is -on-track” or not. 

5 HO ' Vith °me a team may not know where it is going, or worse yet, 

hf'nout 3 r °!, ll irs'de st ' na,| o n ' • „ „hase a significant amount of information is 
<» re : C .he ProJ«> P'^oTcr tTeboo^ can organize and protect data 
pur '" g nd collected- PM. . ves eac h team member to maintain his/ 
en er< lteJ \ observations. a ddition, a team notebook or file cabinet is 
naiy^ 5- project notebook- j" documents. Notebooks and We: C * b '- 

\ hito convenient sections as suggested in Table 14.5. 

s tssho uld ___ 

■^lifi^i«" sheet 

project name 
Team member name 
Telephone/e-mail addresses 

nesisn problem formulation 

Sneering design specifications 
Customer notes 

Prior artfUbraiy research, Web)/benchmarks 

Alternative generation, analyses, and evalnahnn 

Analysis plan 

SSr^XnX Spreadsheets 
Sketches, figures, schematics, drawings 
Evaluation plan 

Evaluations/computations 
References/bibliography 

Project engineering 

Project meeting notes 
Work breakdown structure 
Scope of work 

Project schedule and updates 
Budget, earned-value analyses 
Risk assessments 

Time sheet—log of work/team meeting hours 
Punch lists of things to be done 
Vendor information 

Telephone numbers, addresses 
Phone conversations notes 
Web site printouts 

Product/vendor literature _ 
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TABLE 14.6 Example Template for a Design Project Proposal 


Design Project Proposal 

Cover letter 
Title page 
Table of contents 

Introduction 

Problem statement 
Mission statement 

Engineering design specifications (QFD) 

Project objectives 

Scope of work 

Work breakdown structure (WBS), 2-level diagram 
Work scope describing work tasks 
Project deliverables associated with tasks 

Schedule 

Gantt chart 

Critical path network diagram 
Milestones 

Budget 

Responsibilities table 
Budget 

Other resource requirements 

Project management 

Organization chart of project stakeholders 
Project budget and schedule control system 
Risk assessment 

Design change notice (DCN’s) procedure 

Appendix 

Site visit data 


------- 

Successful project teams develop comprehensive project plans. 

j 
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to control the project to make sure our efforts arc 
nCCd ppTopnatc. Then, we can take corrective measures ns 

. j s a widely used project control method that com- 
tc# 6 ' rtC d*v» ,,,c fl , na |ncted expenses on a period-by period basis. The first 
£ pr .l versus budge > c anaIys j s j s to calculate the budgeted cost of 

^ ^paring ^WS) for each time period. If, for example we choose 
^r i0 f P hedu ,cd . ( ? C we vvould take the total amount budgeted for the work 
„(>rk sC . ;nl e periods, wcc ks that we arc scheduled. For example, I able 

allocate it ° vcr t three tasks, A, B, and C. Task A is budgeted for 

ta sk <J d ‘ a project that h team members will work evenly over the 

l 4 - 7 Sl Let’s assume that We ther cfore enter $1,000 per week 

S3*°°°* c ks during w u the column labeled work task A. Similarly, let’s 
th rec ’ ks 1- 2 ' and , * L r vvork task B begins in week 2 and finishes at the end 

f0f me o ur schedule f that our work efforts are evenly divided among 

fSk 4. Agai n et S ‘ fore distribute the $10,500 in $3,500 increments oyer 
t***^?*' sTmnarly dis.ribu.e for work .ask C, which is scheduled 

■veeks 2 , ^ 311 k 3 and end at the end of week 8 . . . 

b egin on week wee kly budget by adding across the columns, amving at 

,0bC We determine the weekly^ for ^ second week and s0 on. 

a total budget of $ , ^ 14i7 an d is an accumulation of the weekly a, ™m nts - 

^eBCWSisshov ^ the B CWS column to know what we should have 

At any wee ^ e e C BC WS is a measure of the planned amount of work. 

spent in total- The BC determine the actua , cost of work performed 

The next step is . department prepares these amounts as 

(ACWP). Fortunately d f pa rt men t tallies payroll, material, and 

'UTthat are actually expended each week as the project contmues. 


TABLE 14.7 Earned-Value 

Earned-Value Analysis 


_ a nalvsis Table before the Project Starts(Week #0) 



Work Task 


Week 

1 

2 

3 

4 

5 

6 

7 

8 

Total 

^ Complete 


A 

B 

C 

Weekly 

1000 



1000 

1000 

3500 


4500 

1000 

3500 

2800 

7300 


3500 

2800 

6300 



2800 

2800 



2800 

2800 



2800 

2800 



2800 

2800 

3000 

10500 

16800 

30300 


BCWS BCWP 

1000 

5500 
12800 
19100 
21900 
24700 
27500 
30300 


Schedule 

Variance ACWP 


Cost 

Variance 


V 
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TABLE 14.8 Earned-Value-Analysis Table as of (lie hnd ol Week ffi 


Earncd-Valuc Analysis 
Work Thsk 


Week 

A 

n 

c 

Weekly 

ncw« 

1 • 

1000 



1000 

1000 

2 

1000 

3500 


4500 

55(H) 

3 

1000 

3500 

28(X) 

7300 

12800 

4 


3500 

2800 

6300 

19100 

5 



2800 

2800 

21900 

6 



2800 

2800 

24700 

7 



2800 

2800 

27500 

8 



2800 

2800 

30300 

Total 

3000 

10500 

16800 

30300 


% Complete 

25 

0 

0 



BCWP 

750 

0 

0 

750 



BCWP 


750 


End of Week: 


Schedule 

Variance 


-250 



ACWp 


These amounts are entered weekly into the weekly column labeled ACWp 
Let’s assume that the total expenses for the project are $600. This amount k 
shown in Table 14.8. 

The next step is to calculate the budgeted cost of work performed 
(BCWP) by estimating the percent complete for each task and multiplying it 
by the total task budget amount. The result is a measure of the amount of the 
budget that was planned for the work actually completed. Assume that at the 

rS™ w 6 hi T c ° mpl f ted about 25 P ercent °f task A; 25 percent of 
W,000 is $750. We enter this value in the first row of the BCWP column. 

Next we compute the schedule variance and the cost variance for 
week 1, according to the following formulas: 

Schedule Variance = BCWP -BCWS 


(14.1) 

(14.2) 


Cost variance = BCWP -ACWP 
Schedule variance = $750-$1,000= $-250 
Cost variance = $750-$600= $150 

in relation* to^he^mni 8 ^^ 5 3 measure of how much work we accomplished 

Sinc : w , e , had pianned nm :i 

we are behind and that we nled tn . gatlve schedule variance means that 

The cost variance is a measure nfl" 1 ” 6 progress in (he comin g weeks ' 
much we should have spent for the uJrkT spent in relation t0 hoW 

spent $750 to accomplish the amount^ , ompllshed - Since we should have 

budget by $150. Since we saved $150 we ^ ^ Pa ' d $6 °° for ’ we are 
to get caught up to our schedule A neeative^' f Pe " d S ° me ° f '* 0n eXtra he P 
overspent for the work performed 8 ' C ° St vanance would mean thal we 
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poor performance, such ns behind schedule or 
, jv c v d alU o e s S u 'vc values indicate good performance, such ns ahead of 

^^'undef^^ieie the carned-value-annlysis spreadsheet to deter- 
"'hV e f Jcek «<= comP lr ‘ ., rc needed. Let’s assume that we have been 
** E» cl, lctive measures ‘ wccks and wc arc finishing the carncd-valuc 

j^e ^ C n the pr°j ect ° ., 7 qs shown in Tabic 14.9. 

> iD C the end of dule variance we see that the team was behind 

-**&*?*! examining the d> Then around week 7 the team began to 

JJ 5 ever #*> fining the cos. variance, we see that the team began 

tf'^penT'aroh ndw ^ 4 u a s f s Xweekly e earned-vaIue analysis results to 
too-i project manag m0 re or less personnel to the project, 

rcc^ecE«^ S “ C n h d r a a mon g ream members or tasks. The schedule 
k re allo cating . b 7 d a 8 nr) ears to show that the team is getting back on track with 
"Unee ia 1 ^ and may finish the project almost on time, but the cost 

regard t0t 7 ^ tps they might finish over budget. 

variance indicates thy J ^ BCWS BCWp and ACWp 1S sho wn in Fig- 
A gmP hlcal f weeks !_4 the BCWP curve was lower than the 
ure 14.5. f h S “ans that the team was behind schedule. We see that this gap 
BCWS 'flaring that they got further behind schedule. At week 6 and 7 the 
increased, therefore they are catching up. 

g a pi - r r see that the’ACWP curve is close to the BCWP for the early 
mearring that the team was spending their budget in proportion to the 
work they actually performed. The situation worsened m weeks 4-6 but 

improved after that. 


TABLE 14.9 Earned-Value Analysis for End of Week #7 

Earned-Value Analysis 

End of Week: 

#7 

Work Task 

Week ABC Weekly BCWS 

Schedule 

BCWP Variance ACWP 

Cost 

Variance 


1 

1000 



1000 

1000 

750 

-250 

600 

150 

2 

1000 

3500 


4500 

5500 

4800 

-700 

4500 

300 

3 

1000 

3500 

2800 

7300 

12800 

10800 

-2000 

11000 

-200 

4 


3500 

2800 

6300 

19100 

17300 

-1800 

18300 

-1000 

5 



2800 

2800 

21900 

18900 

-3000 

23500 

-4600 

6 



2800 

2800 

24700 

22700 

-2000 

25600 

-2900 

7 

g 



2800 

2800 

27500 

26955 

-545 

29355 

-2400 

T/x, i 



2800 

2800 

30300 





lotal 

3000 

10500 

16800 

30300 






^ Complete 

97 

93 

85 







BCWp 

2910 

9765 

14280 

26955 
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FIGURE 14.5 Eamed-value Analysis Graphs of the BCWS, BCWP, and ACWP 
between the BCWP and BCWS lines is the schedule variance. The gap between th* & a P 
ACWP is the cost variance. the BCW P 

•• ■■ 


and 


14.2.3 Closing a Project 

At tt eronclaaon of a project we perform a project review. We refi M u , 
what we learned, what we did weTCandwlirwe could have done hen. b w 
r ?? 0 IfL an d archive these findings for future 11QP* A T-i-Vl ^7r*1 ^ 
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Pr °i e cts, T eam 


,>4,3.1 Elements of Teamwork 

t£t’s examine a well-executed offenc- 
neC essary ingredients for tea mwork 1Ve p 'ay i n fo . 
ponded play from the head'coach n ° ^artc £ 10 idc "«fv s„ 
an ,ines the defensive lineup, s potS an Urin 8 the h mn, k r «»ive s ,n® ? of "'e 

tells the team. As the quarterback caH? r P ° rtUn ity to r , C ' ' hc ^»«crb a ?’ ,n - 
initiates the new play i„ a coordin C[ ° r f ' hc hike Z * difr «e„, ^ «■ 
perform separate roles, but with a r?, d tas hion i’„ ,COm «imuli," y ’ aad 
fee. .he quarterback as he drops b ^" i ^ 

sprints forward to a fake a running ° ,hc Pocket f„ ,ng - B| ockc r ^ Crs 
scrimmage line he sees an openino ? 5 ay ’ As °ne rr, a pass - A ha.nf 1' 
lerback lofts the football i n his d?. " d adapts his run e ‘ Ver spr tnts from ?? 
the ball and runs toward the? :t,op ; The receiv? 8 Pa,t «" ^el^ 
front of him. Using his well-condir 116 Wlt h his teamm ! SUcce ssful[y ca ? h r ' 
ferand scores a touchdown Now it,° ned runn >ng skills u bloc king a n alh “ 
Successful project tea^* was •waSi* he dodg « the uf.tc" 
behaviors which can be classified • P ts teams exhibit 

DeMeuse, 2001): communication TcifT major r C ° mmm 

management. ’ decisl on making, coll^riu ' ZG ° my and 

Communication Communication is tb 

mation between team members tu 6 means by which . 

tion to the offensive line tb^ u T ^ e <l uar terback comm • C excha nge infor- 

effectively communicS't ? y ‘ aking advaa 'ageTaT 0 , r ed hiS ° b *"a- 

understood." ,ake spaa *c aeons to make himXr herseS 

ttowafield teammates had “eiX'ads 1 T* ° f g00d communication The 

5* unfolded. Without thdr‘‘Lenfnt” thC ? tChing aad ‘Gening , 0 the ^ 

,.?| ler m Professional football or hif«* P ay might have ended diffe rently 
cal1 because they are “ Pe ° pIe who “ miss tta 

Llste ning is an indiviH,, 1 , g ,? f ally or paying attention. 

and something that we can imnrov ^! hmg that We have contro1 over - 
St0 P talking. Hear “tb i P Llstenin S guidelines include: 

Show respect. Em t v ^ ^ ^ n g a ge in only one discussion at a time. 

respond witlf anrlr^ ^ Speaker ‘ Show interest in what is being said, 

Concentrate on h ^ pnate body language, and refrain from interrupting. 

Is there ‘Ilf 5 being Said ’ Do we understand the message completely? 

^cn/m.K ngmiSSing? 

speaker CP COn ^ 0 ^ our emotions. React to the ideas or facts not to the 
presenting them. Try not to jump to any conclusions. 
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fay monitor the,r own p r 0 g ress J*'* 

important ws ks , use meeting ti me ef /^ et establi sh i’ 1 m an aRc .. 

their performance, mvolve others £solS* 8 ° a '*. stay t™* 1 '"*- 
priority on getting results. m a H the deS'° ns,ra cttvc on 

By improving our collaborate makia8 ’ ■*£*,«• 

self-management skills we can bL C ° mn Rini C nr ° P 

work skills are presented in Table 14 ^ 0 be,ter 

luate our own teamwork skills. We O H '"'ormalk ? crs ' Fifteen? ^ 
froro time to time, to provide feedback „ S ° ask our' fen Can ^gula", 
can use forms: paper, computer m • n 0Ur teamwJ1. w ,ca m mZu 
and to evaluate ourselves (Eggert , f g‘ <:rnet -bascd toT’ Morc fomtaul*"’ 
peMeuse, 2001). The forms Z d| s ^ ' Lo “ 8l >ry et a i **■»> nSbT 
then collected and forwarded' 0 a ‘ t0 ‘ aa m me m l°° 7 ' M 'Gou^„d 

anonymity. A summary report is th p ndependent Person f ° r COm Pletion 
member. Frequent feedback and seU r ?. repared and r e " u ^, r , eby Protecting 
build teamwork skills. el f-refl ec tion are potentT* ‘° each lea m 




3 - Respects individual 3m 3Ctivities 

4 - Accepts criticism* 3 Vlew P°‘ nts/d ifferences 
r^Sg ^her teamma te 

Listens otr—--- 


6 . 


1 team 





;■ jSSSSSr-- 

— Contributes to meetings 

1Z M umtors self-progress--- 

SeW-Management ] 3 - Completes individual tasks thoroughly 
M- Completes individual tasks on time 
Asks for help when needed 


T eantwo S,a9eS ^ T6am Develo P ment 

exhibit teamwt^^Tr Uio.e. We don’t expect a group of football players to 
eai b to do the sam /l d3 ^ P ract * ce - Neither can we expect a business 
^Lready for th ° s -- na ^ team will_practice their skills, until they 

°Pportunity Bu ^ ^ ame ‘ Unfortunately, few business teams have the same 
c !hon, dccisio Sm ?^ S leam niembers usually deyelop_their_skills„ of jcornmuni- 
n making, collaboration, and self-management on-thejob. 
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Ask questions. Take rcSp "^ them. We shouldff^ 

tssssss- sstw. »—- — 

Decision Making Effective decision making begins with having a clear Un 
derstafiding of the problem. It also involves activities for generating, analy* n 
evaluating, 8 and refining alternatives, and then implementing the best one i n 2 g 

" mCl Team decision making takes effort. For example, when we make « indi . 
vidual” decisions we don’t necessarily need to communicate with, or under, 
stand, others. We can use our own criteria and selection process to decide the 
best alternative. We rarely have to compromise or consider other options if We 
don’t want to. Team decision making, on the other hand, requires subordinat- 
ing our own individual desires for the good of the team. 

Assuming that the team has gathered the pertinent data and established 
evaluation criteria and importance weights, they can prepare a weighted rating 
evaluation to prioritize the alternatives. The final decision, however, comes 
down to the team making its final selection. Various approaches include a 
handoff to management, voting, and consensus. 

The handoff to management is an abrogation of the team’s responsibility 
to find the best solution for the company. Non-effective teams will pass deci¬ 
sions up the chain of command, especially if the team is concerned about 
personal retribution. Effective teams will be decisive and recommend action 
plans for management review and approval. 

Voting is a seemingly democratic process, which can lead to some 
less-than-desirable consequences. If the team decides to use a “unanimous 
vote required” criterion one team member has the power to veto all choices, 
such that everyone loses. If the team uses a “majority vote wins” criterion then 
as the majority wins, the minority loses. Ignoring the minority’s issues may put 
the company at risk. 

A consensus decision occurs when the team thoughtfully examines all of 
the issues and agrees upon a course of action that does not compromise any 
strong convictions of a team member. The approach gives everyone an oppor¬ 
tunity to present his case, while recognizing that in some circumstances a 
command decision has to be made. While a team member may not get the 

T° rS ’f aS ‘ he kn0WS ^ and moreover, agrees .hat the deci- 
sion has to be made. & 

are c6mrffited effective collaboration have members that 

actively participate hfte S ° - eam ’ W ° rk C00 P era tively and constructively, 

our exImnirre bln.^^ m ltlCS ’ and su PP ort fellow team members. In 

blocking help from h' protected the Quarterback. And the receiver got 

tea^scor^Co^laboraUo^reqihres suborder rea '' Zec * - opportunity for a 

the team can benefit. Q bor dmation of individual desires so that 
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1 . 
2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 

< 

rience 


One tongue-in-cheek model of team development includes , he 
sequence of stages: 

project initiation, 
wild enthusiasm, 
disillusionment, 
chaos, 

search for the guilty, 
punishment of the innocent, 
promotion of the nonparticipants, 

and finally, definition of the project requirements (Lewis, 2002) 

On a more serious note, however, we do find that teams actually 
n^nce different stages. Tu ckman presen ted a model describiu pfoui ex P e * 
forming, storming, norming, and performing (1965). a ^? S: 

Foirming. At th e beginning of a project,,partici pants transi tion f rom hp . n 

in dividu als to b eing team members . Somewhat anxiousl^membe^^ 

litely interact to learn about the nature of the tasks to be perform rl 

goals of the project, and the personalities and work styles nf^ ii 
members. ^ * fellow 

Sformrng. D^ing this stage, members begin to realize the enormitv J i 
pt^fSl^Theyrecognize differences in individual abilities nerson7TT~ 
and work styles. Disagreement and conflETSIy teldl^e 
retrealfrom thegroup to try and “dojt alone^Ten'W.'T^ 16 ^ 0 
scapegoating often occur. - ension > conflict, and 

Noraung.J^uring this stage members beam ™ 

They_begin_to understand and respect inH* : ° P f rate Wlt b-each, other, 
nesses. They begin to focus ™ ^ jP e g t J^diyidual ^tren g t h s and wea k- 

openly. They evolve acceptable sta™ on 8 oa k and communicate more 
performing their roles^'d^res^vlne^ro’J?ehavior, or norms, for 
begins t o emerge. g confllct - M d sl o wly a teanTsp mt 

Pejforming. During this stage the team ; 

Team members and sat isfactionishigh. 

~ mte - ^ Pro i ect activities ' ar^ condiO tt• ~— lr ac ^ on ^ and are strongly 
mu ual support. Conflicts are resolv ^ 111 an atmospHere of trust and 
are comfortable whT-7Prnr ---, ~ Q iyedopenly and efferWh, , c 
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effective Team M ^ bc wc || planned and efficiently, cx- 

,4> 3 i ',7 v( . team t?f‘‘^^r^Tthe agenda. Just like a scope of 
be effeCt me efforts shoU . d rhet iulc an agenda can lay the framework for 
T >. rw %^bination with ’ iblc j, shou ld bc sent to team mem- 

eeting is ,0 pr °v« and commcnt. If an agenda is not prepared. 

* radvancef-^^lms or so of a meeting to prepare one. 

° se ^ ■ __ 1 ' ,lrmo wit h an cst ‘‘ 


with an.csti- 
that item of 


hprs ,hp first — 

siiou ,d . use . u i; c f t h e topics to be jliscussed.along wi^ 

iy oaenda should . ^r^ 7 -~ Yr • r person coordinating th- -- 

Agenda A " Laired and lhe , ° ca u y The topics should bc designated 

< in L e o r pj cs Should be ordered logtcal ^ also „ e des.gnated 

disc uSS '°": n 5em or an announce b focused and moving. He or sh 

5Ta deC „ir A facilitator keeps the m 8 and vents anyone from 

for e ac 11 !°P ' es when discussions 8 of (he age nda should be a 

,aC,fU afi^g or from being overlooked. ^e effecti veness and plans to 

<lom ; evlation Of the meetmg w.th rega 
bn ef eV f ture ,qieetings. 


L-,. 

Start onjune. Coming 

andlTdisrespectful. - • —~ tnnno to be un- 


Startonurn?. —- - 

and is disrespectful. Understan d first, before trying to be u - 

Practice effective listening skills. 
derstood. 


T 2ate the facilit ator. Help keep the: meetmg;on^fime agen . 

Comeprepared. » may be the only chance to 

da topic, we should be reaay 

get our points across. ,, trv t0 reschedule the 

Discuss f act^not fiction- If faC )f f ^tuai°dedsTon can be made. 
to^ic7sud^t an informed and factual decisi 

Take action . Encourage a consensus decision an ^ to be taken. 

Take minutes. Record key topics, decisions tentative topics, times, 

Thaft nexpagenda. Before participants leave dtscuss ten.at.ve 

and presenters. . . are honoring us by 

Turn of f cellj )hone^. The other "’^^^calls interrupt the meetmg, 
attending. We should not let any p 
thereby wasting their time. 
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14.3.4 Team Rules 

We recognize ihat it is a privilege to be on a “ ru, es 

of the game.” Project teams often prepare tW ofrules everyone ag rees 

to and sinns. The rules usually require team membe 


■ Commit to the goals of team 

■ Perform assigned tasks completely, accurately and on time 

■ Respect the contributions of others 

■ Assist other team members when needed 

■ Ask for help before we get into trouble 

■ Follow guidelines for effective meetings 

■ Actively participate in team deliberations - 

■ Focus on problems not people or personalities 

■ Constructively resolve conflicts or differences of opinion 

■ Comment clearly and constructively 


14.4 ETHICS AND THE ENGINEERING PROFESSION 

As engineering professionals, we make decisions that affect our fellow em¬ 
ployers, customers, the public, and the profession. As we make product deci¬ 
sions, for example, we strive to design and manufacture each product so that 
they are both safe and financially successful for our employer. In some cases, 
however, a safer product may mean less profits for our company. Should we 
approve engineering changes that endanger customers, even if it means dis¬ 
appointing our managers? Will our management appreciate and respect the 
long-term benefits of ethical decision making? Who should we be loyal to? 
Our employer or the public? Are we obligated to follow a course of action? 
Do we have a professional responsibility to “do the right thing”? 


14.4.1 Code of Ethics 
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har0 ,cd by what °‘ hcr e "gmeers may do 
j^ fa l reputation the profession y d ’ 


Cha 


Pter 14 


and 


(5) 


Thc fundamental principles of the ac» * C<Hlc h 'Ips l0 
aintain and advance the inteori,.. , ASM E C0( | ( ,. 



‘"“El*, 

the 


maintain ana aavance the intecritv » 
aid use our knowledge and skill^ 0 " 0 ^ a "d“di2 >hasi * th a( if 
Additionany, that this can be accomplish, cnha ncc m /' ,f lha Pro(^' 0 '‘ aal 
Sul .0 our employers, clients, andZ* >*ng h„ n °' 

values such as. Usc '» guide 0Ur Ucc ^ b»w , hc 

. Integrity-exercising good judgment in the ■ nmaki " 8: 
, Honesty-telling the truth, being sincere PraCtlceofo ur profession 


Fidelity-being loyal to our employer, clients 
, Responsibility-being reliable, dependable, acco!^’ ^ ^ Pr ° fession 

The ten fundamental canons are a set of ^ trUStworlh y- 

0 f ASME should follow including (ASME, 2009): 3rdS ° F fUles thal me mbers 

1. Engineers shall hold paramount the safetv h / u 

public in the performance of their professional dutieTru ^ Welfare of the 
important than the safety, health, and welfare of the pubhc^?^" 8 m ° re 
hie for conducting safety reviews, and for providing users with wZSE Z 
safe operation. We should not approve designs that could endanger othe“ 
Further, if our judgment is overruled we are obligated to inform our clients] 
employers, or other authorities of the possible consequences. We are also 
obligated to report other individuals or firms that are in violation. 

2. Engineers shall perform services only in areas of their competence. We 
cannot perform engineering work in fields where we are not qualified by edu¬ 
cation or experience. We have a responsibility to refuse such work. 

3. Engineers shall continue their professional development throughout their 
careers and shall provide opportunities for the professional development of 
those engineers under their supervision. We are responsible for keeping up wi 
technology, to know what the current standards of engineering pra 

And we should encourage those under our supervision to o so. 

4. Engineers shall act in professional matters for each emp ^^ ^ re _ 

faithful agents or trustees, and shall avoid conj conflicts of interest, 

sponsibility to inform our ^ ie nts or employers o consideraU ontor ^jafying 


of/vitaiunity to miorm uui tucuw ^ — r * _ _ 

We should not accept financial or other va ua ^ tn our clients and em 


materials, equipment, or vendors without our clients or em P^f^ 

ployers. We must treat all information rece !^ employment without no 
as confidential. We should not accept outsia 

the merit of their 
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reports. We should no. injure ^ P^Xrtnc^on'a'contingency basisTu^ 
We should not propose or acctpi y 

that our judgment might be comprom puta ble persons or organization 

6. Engineers shall ^ so ^\° n J^ 0 ^ st or fraudulent party, nor use that 
We should not associate with a oisik 

party to engage in unethical pr* _ on jy in an objective and truthful 

7. Engineers shall issue pu ic st mjsre present the facts. We should be 

manner. We should never cm e areum ent. We have a responsibility to 
objective and present both sides of * to 

extend public knowledge and to prevent m , 

ZZ&SZZAZ- r—e„. and provide for the safe.;, 
health, and welfare of the public. 

9 Engineers shall not seek ethical sanction against another engineer unless 
there is good reason to do so under the relevant codes policies and procedures 
governing that engineer’s ethical conduct. We should not make unwarranted 
claims against another engineer. 

10 Engineers who are members of the Society shall endeavor to abide by the 
Constitution, By-Laws and Policies of the Society, and they shall disclose 
knowledge of any matter involving another member's alleged violation of this 
Code of Ethics or the Society’s Conflicts of Interest Policy in a prompt, com¬ 
plete and truthful manner to the chair of the Committee on Ethical Standards 
and Review. If we want to be a member of the profession, we have to abide by 
the rules of the profession. 


14.4.2 Resolving Ethical Dilemmas 

Most employees and employers conduct themselves in an ethical manor. How¬ 
ever, there may come a time when we are faced with an unethical situation. 
How should we go about resolving it? Hopefully we can work it out inside the 
company. If not, we may need to “blow the whistle” on our employers and go 
public with our concerns. The following steps are recommended: 

ij Obtain the facts of the situation. 

2^ List the stakeholders who have a vested interest in the outcome. 

3. Consider the motivations of the stakeholders. 

4. Formulate alternative solutions using codes of ethics, or ethical values. 

5..Evaluate the alternatives and reject unethical solutions. 

6. Seek assistance from co-workers, supervisors, and ombudsmen. 

^Select the alternative that satisfies the highest ethical values. 

* Implement the selected solution through the chain of command. 
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d M° ni 

Jf tffl s 


1* 


i,or ' he Contact legal counsel, professional society, or Hie media. 
‘ ^factory* c0 


sU MM aRY , . elements of a project are the work scope, time, 

f ^ et 1 ^ UaW> ' structure's an illustration of the basic work tasks. 

k Reject schedule mdteat ^ ^ ^ determine whethcr , projc et ts 

? A P ned- value ana Cdule and under or over budget. 

ahead or behind^ communication , decision making, collaboration, and 

i>ainw° rk inV l 


>• 


Teamwork mvon- 

se lf-manag eme . facilitate being a good communicator. 

Effective listen g . is preferable to voting. 

Consensus decisi tkroU gh forming, storming, norming, and performing. 
Teaffl w° r k develop , s (he ^ s(ep , 0 a „ effective me eting. 

Having a com P stan dards of conduct based on ethical values. 

Acode'of ethics provides guidelines of conduct that members must follow. 
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